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Abstract
This study investigated the catchment of an urban wetland on sandy soils in Perth,
Western Australia.  The wetland is of high conservation value but is currently used as a
stormwater-compensating basin.
The three main aims of this work were to:
1.  determine the importance of stormwater drains in the water and pollutant balance of
the lake;
2.  evaluate pollutant retention rates by the wetland; and
3.  identify current land uses in the catchment, determine their impacts on the wetland
and identify tolerable levels of urbanisation for a wetland of this type.
Stormwater flowing in and out of the lake subcatchments was monitored for two years
for background flows and storm events.  Water discharge, physical and chemical
characteristics —including nutrients and heavy metals — were measured.  Water and
pollutant mass balances were determined.  There was year-round flow at all sites, except
from the smallest subcatchment.  Flow characteristics differed between sites and were
more influenced by catchment characteristics than rain intensity or duration.  More
water entered than left the lake in spring.  In autumn more water left the lake via the
overflow than entered.  Due to poor maintenance, many drains overflowed during storm
events.
When compared to Australian and New Zealand Environment and Conservation
Council (ANZECC) water-quality guidelines for receiving waters, only pH and
conductivity met the recommended criteria.  The nutrient and heavy metal loads varied
with rainfall during both years of study.  Suspended solids, total nitrogen and total
phosphorus concentrations were proportional to rainfall, while concentrations of
dissolved forms of nutrients were not.  Background flows contributed significantly to
the pollutant load.  More than 85% of total suspended solids, nutrients and heavy metals
were retained by the wetland — the only exceptions being copper and some forms of
dissolved nutrients.  An evaluation of the performance of the lake as a pollutant sink,
using published data from constructed wetlands, identified phosphorus as the pollutant
that requires the largest area for treatment.iv
Land use was determined from aerial photographs. The main land uses in the catchment
were residential, light industry and commercial. More than 30% of the catchment was
impervious; e.g. roads, roofs, car parks. The remaining 70% was rural; i.e. parks,
gardens and sporting ovals.
Total suspended sediment loads were consistently highest from subcatchments with the
highest proportion of low-to-medium density residential areas. Two subcatchments with
the highest concentrations of total suspended solids also had the highest proportion of
industrial and commercial land use.   Nutrient concentrations were typically highest in
water draining from areas with a high percentage of roads, industrial, commercial and
residential areas.  Rural and open-space land use did not contribute high nutrient loads
in dissolved or particulate form.  Highest concentrations of heavy metals were attributed
to roads, industrial, commercial and high-density land uses.
With the continuing trend of urban infill — which aims to increase development
density, especially in housing — the percentage of impervious surfaces in the catchment
will rise to over 50% within the next decade (starting from 1993).  Residential areas of
medium-to-high density will most likely present the greatest challenge for managing the
quality of urban runoff.v
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1  Introduction and aims of the study
1.1  Introduction
The management of wetlands is attracting worldwide interest because of the role they
play as water resources, in drainage, and as a natural habitat of diverse aquatic and
terrestrial plants and animals.  Surface waters in urban areas are appreciated for their
landscape and amenity values, but for a number of years wetlands in Western Australia
have been degraded or filled, and some 70% of wetlands on the Swan Coastal Plain
have been lost (Riggert, 1966; Seddon, 1972; Bekle, 1981; Halse, 1989; Balla, 1994;
Gibblet, 1996).
Western Australia is not unique in having a decline of wetland ecosystems.  Similar
trends have been observed in other parts of Australia (McComb and Lake, 1990,
Mitsch, 1998) and elsewhere in the world (Maltby and Turner, 1983; Mitsch et al.,
1994).  In Australia this is particularly ironic as it is one of the driest countries in the
world.
Management of urban wetlands has been recognised as a major problem in Perth,
Western Australia, in particular where the impacts of stormwater are widespread (Balla,
1994).  Little overseas work has been carried out on wetlands in sandy soils that have
minimal natural surface inflow and outflow, so results from overseas studies cannot be
readily extrapolated to the local scene.
The work described in this thesis addresses the impacts of stormwater on an urban
wetland situated on sandy soil with little natural surface inflow and outflow.  One of the
wetlands on the Swan Coastal Plain that is particularly well suited for this study is
Herdsman Lake, which lies 5 km northwest of Perth, Western Australia.  It is a large
wetland (458 ha with 72 ha of open water) and with a catchment and hydrology
extensively modified over the last 70 years.  It is of international importance because it
is a major feeding ground for many local and migratory water birds (Bekle, 1988).  This
has been recognised by the establishment of a Wildlife Observation Centre by the
World Wide Fund for Nature (Australia), and proposals for the area to become a
regional park, which includes nature reserves for birdlife protection.2
The wetland has been recognised by the Australian Environmental Protection Agency
(Environment Australia) as a first tier “Conservation Wetland” for four main reasons:
·  It has been included in a directory of important wetlands in Australia (Lane, Jaensch
and Lynch, 2000).
·  It has been included on the register of the National Estate.
·  It is a System 6 wetland; that is, a wetland of significance for conservation on the
Swan Coastal Plain (DCE, 1983).
·  It is a regionally significant wetland in the Perth to Bunbury area (Water Authority
of Western Australia, 1992).
A number of other features of Herdsman Lake and the catchment lend themselves to a
study of the stormwater pollutant loading on an urban wetland.  These are:
·  its large catchment in comparison with other lakes in the area;
·  its representative mix of three major land uses: urban, industrial/commercial and
open vegetation;
·  its good record of archival aerial photography;
·  the large pool of information on the history of the lake, including water quality data;
·  Herdsman Lake is permanently inundated;
·  the need for a water and nutrient budget identified by Clarke et al. (1990); and
·  the lake’s water quality problems include algal blooms and outbreaks of nuisance
midges (Diptera: Chironomidae) (Clarke et al.,1990).
Herdsman Lake has had elevated nutrient concentrations for a number of years, and the
effects of eutrophication on wildlife and vegetation have not been determined.  There
are, however, grounds for concern over nutrient-associated algal blooms.  Other lakes in
the metropolitan area that are nutrient rich suffer from a number of problems including
reduced species diversity, animal poisoning, algal blooms, botulism and weed invasion
(Balla, 1994).  Most pollutants enter the lake via stormwater drains.
Urban stormwater runoff occurs in areas that have been altered from their original
condition.  Physical alteration of the landscape is accompanied by changes to biota, and
physical, chemical and surface characteristics.  Typical effects of urbanisation in this
context are changes to the morphology of waterways, increased erosion and3
sedimentation, changes in runoff characteristics and loss of fringing vegetation (House
et al., 1993).
Urban runoff has detrimental effects on receiving waters.  For example, between one-
third and two-thirds of pollution to surface inland waters is due to stormwater discharge
(Lee and Jones-Lee 1993).  Such discharges are from a number of diffuse sources
including agricultural, urban, construction sites and land-disposal activity.
1.2  The impacts of stormwater
The impact of stormwater quality on receiving waters was relatively ignored until the
1960s — water runoff concerns being confined to drainage control.  In Perth interest in
the quality of stormwater did not arise until the 1980s when some wetlands were
reported to have suffered pollution problems (Clarke et al., 1990; Davis et al., 1993;
Congdon, 1986; Bayley et al., 1989).
The impacts of stormwater can be short term, reversible changes (e.g. changes in
temperature, bacteria and algal blooms) or long term and chronic; e.g. nutrients and
toxic trace metals (Laws, 1993).  Stormwater from urban or agricultural areas can lead
to high levels of pollutants entering receiving waters.  The most noticeable aspect of
these peaks is high turbidity due to increased concentrations of dissolved and suspended
solids.  These often contain organic substances or microorganisms, which leads to
oxygen depletion in the water column.  This, in turn, causes mortality of aquatic fauna
and plays an important role in nutrient re-release from the sediments under reducing
conditions.
Pollutants deposited in urban wetlands may be mobilised during storm events and can
be best characterised as derived from non-point sources.  There are two ways of
examining these pollutants.  One is the investigation of sediments accumulated in
receiving waters; the other is to examine the mass and characteristics of pollutants
during storm events.  Pollutants in stormwater runoff occur in dissolved form and as
sediment suspended in water.  Dissolved forms are mostly nutrients, metals, oils and
surfactants.  Sediment particles mostly carry nutrients, trace metals, organic matter and
toxic organics.  Suspended solids also reduce light penetration in water, affecting the
growth of aquatic plants.4
Nutrients promote rapid growth of all aquatic plants including algae.  Nutrients mostly
originate from sewage overflows, industrial discharges, animal wastes, domestic and
commercial use of fertilisers, detergents and septic tank seepage.  All soluble inorganic
forms of nitrogen and phosphorus are readily available to plants.
Metals such as zinc and lead have toxic effects on biota at relatively low concentrations.
Cadmium is a trace metal that is not required for any biological processes.  Some
authors, such as Lee and Jones-Lee (1993), argue that too much emphasis has been
placed on heavy metals as they rarely cause impairment of the beneficial uses of water
bodies.  Previous studies at Herdsman Lake and nearby Lake Monger reported high
concentrations of lead and cadmium in the lake water (Clarke et al., 1990; ESRI, 1983;
Lund et al., 1991).
Sediments contain nutrients, metals and hydrocarbons.  Very small size fractions of
sediment (less than a few micrometers) often contain the most sediment-bound
pollutants in stormwater (for example, Ferrara and Witkowski, 1983; Martin and Miller,
1987).  Sediments are important in nutrient cycling.  In nearby Jackadder Lake a large
proportion of the phosphorus load is attached to sediments, and indeed this is the largest
phosphorus sink of the lake. Adsorption/resorption accounted for 0.5 to 1.0 kg/day of
phosphorus (Davies, 1993).  This is consistent with other studies (Lukatelich, 1988;
Wetzel, 1975) where the mass of phosphorus adsorbed in bed material was typically
1000–2000 times higher than the typical mass held in the water.  Because Herdsman
Lake is in a limestone aquifer, some 60% of the phosphorus in the sediment is apatite
bound and approximately 20% non-apatite bound (Schmidt and Rosich, 1993).  In low
oxygen conditions with high pH, phosphorus is released from the sediments.  This is
particularly common when the lake is stratified (Clarke et al., 1990).
Lastly, because Herdsman Lake water flows through a drain to the ocean, impacts may
occur in the near-shore marine environment.  Stormwater in other parts of the world
significantly contributes to marine pollution (for example, Gabric and Bell, 1993).
1.3  Aims of the study
The broad aim of this study was to establish the relative importance of stormwater
drains and their catchments in the water and nutrient balance of Herdsman Lake. This
study sought to take advantage of the existing wetland instead of a constructed wetland,
in order to study pollutant retention.5
By monitoring the water in drains flowing in and out of the lake, this study attempted to
establish water and a pollutant balance for the lake, and to determine the importance of
dry-season flows for the water and pollutant balances.  Drain loads were incorporated in
the model of rainfall and surface runoff.  From general observations, it appeared likely
that, compared to winter and spring, the summer and autumn storm events were more
significant in pollutant loading in the urban runoff in the Perth area.  As winter
progresses, the total loads might decrease.
This study also aimed to identify the current land uses within the catchment and
determine their impacts on the wetland.  As part of a catchment-wide land use survey,
areas and land covers with unacceptably high pollutant loads were identified and ways
to reduce the level of pollutants being carried in the drainage system were suggested.
This study also sought to define a tolerable level of urbanisation for a wetland of this
type.
These aims were addressed through the following activities:
1.  Collect data on urban runoff in the catchment with special attention to storm events.
This included measurement of water flow from subcatchments and seasonal water
and the pollutant balance of the lake.  Relationships were examined between water
flows, pollutant loads and land use.  The methods used are outlined in Chapter 3.
Data on water and pollutant balance and land use are presented in Chapters 4–7;
2.  Compare characteristics of stormwater to recommended water quality standards for
freshwater systems (Chapters 5–6), and determine if stormwater flows exceed the
design discharge criteria of the drains (Chapter 4);
3.  Determine the importance of background flows compared to wet-weather flows, and
compare “first flush” loading to a typical wet-season storm event (Chapters 5–6);
4.  Determine the proportion of pollutant load entering the lake in stormwater which
remains in the lake (Chapters 5–6);
5.  Document the progress of urbanisation in the catchment, and describe its effects on
stormwater characteristics and lake water levels (Chapter 7) and
6.  Investigate the implications of different development scenarios on stormwater
runoff (Chapter 7).6
1.4  Justification
Effective long-term management of an area such as Herdsman Lake requires detailed
and accurate information about critical environmental parameters.  Few useful data had
been collected before the early 1990s, probably because of the complexity of the lake
ecosystem and because of the relatively low value assigned to wetlands by society up to
that time.  In addition, in urban areas, stormwater has been thought of as something that
needs to be disposed of, and wetlands were (and still are) seen as a logical place to
divert the runoff.  There was no perception that the lake environment might be
inappropriate for the disposal of urban runoff, nor was there concern about the quality
of stormwater and lake water.
Over the preceding two decades, there had been a growing awareness of the loss of
habitat for water birds, increased attention to water resource allocation and increasing
pressures on wetland ecosystems.  It was not until the late 1980s, however, that there
was a “paradigm shift” towards considering stormwater as a resource, rather than as
waste water, and recognising that stormwater can severely impede the basic ecological
functions of a wetland.7
2  The lake environment
Herdsman Lake lies on the Swan Coastal Plain of Western Australia within the Perth
metropolitan area. The centre of the 72ha lake is at 31°55’S and 115°47.5’E (Figure 1).
The lake is one of the few remaining water bodies in the interdunal depressions of the
Spearwood dune system.  It provides a diversity of habitats that consist of permanent
moats, seasonally flooded areas of Typha and perennially flowing drains.
This chapter consists of three major sections and serves as an introduction to the lake
environment.  The first section describes the physical conditions of the catchment; i.e.
climate, geology, soils, vegetation and lake hydrology including a discussion of water
quality studies.  The second section deals with past human activities in the catchment
including its drainage history.  The third section discusses land use and land tenure in
the catchment.
2.1  Physical conditions of the catchment
2.1.1  The surface catchment and its boundaries
The catchment is elongated and aligned north–south.  It is wedged between low hills in
the east and limestone ridges in the west.  The surface of the catchment is 3,300 ha.
Some of the catchment boundaries (defined by topography) have been altered since the
implementation of surface stormwater drainage.  Figure 1 shows the boundary of the
catchment and the location of the lake on the Swan Coastal Plain.
2.1.2  Groundwater catchment
The groundwater catchment of Herdsman Lake is much more extensive than its surface
catchment, but precise boundaries have not been defined.  The eastern boundary may lie
well to the east of the Darling Scarp.  The northern boundary is probably as far north as
the Gnangara Mound (Figure 2).8
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Figure 1: The catchment of Herdsman Lake and surrounds.  Modified
from Davies et al., 1993).9
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Figure 2: Groundwater contours and location of selected groundwater
monitoring wells around Herdsman Lake.  (Data courtesy of
Water and Rivers Commission of Western Australia).10
The western boundary is a series of depressions parallel to the coast while the southern
boundary probably follows the surface catchment boundary very closely. The aquifer
beneath the lake is about 60 m thick; and eventually all water is replaced, though the
process probably takes hundreds, if not thousands, of years.  The general flow of water
is from east and north (Figure 2).  The boundaries of the groundwater catchment are
prone to change; for example, pumping water at one location may alter the boundary
elsewhere.
2.2  Physical conditions
Herdsman Lake is one of the largest and deepest wetlands in the Perth metropolitan
area. It lies in a circular basin, classified as a dampland by Semeniuk (1987). It has
three deep, artificial moats on the perimeter and a shallow (i.e. up to 1 m deep) wetland
in the middle. The moats are referred to as Floreat Waters, Powis Lake and Popeye
Lake (Figure 3). The most recent moat, still under construction, is Floreat Lake.
2.2.1  The lakes
Originally the lake would often dry in summer. Open water was present most of the
year but dried to a “wet and puggy condition as the summer advanced” (Teakle and
Southern, 1937). Large parts of the lake were covered by wetland vegetation.
The catchment has a long history of human disturbance. Immediately after the First
World War, a drain was constructed to connect it with the Indian Ocean with the aim of
making rich peaty soil available for agriculture. However the soils were found to be far
too acidic to support horticulture over most of the planned area.
In the late 1970s urban development was proposed for the lake surrounds.  As part of
this development, some areas of the lake were mined for peat and diatomaceous earth.
Deep moats were created on the outer perimeter of the lake and the shores provided a
setting for “up-market” housing development. The construction of moats has more than
doubled the area of open water (Table 1).11
Figure 3: Herdsman Lake, location of the moats, drains and sampling
sites.  (Contour line data courtesy of the Department of Land
Administration of Western Australia.)12
Figure 4: Enlarged view of Herdsman Lake, the moats, central wetland
and fringing vegetation. Sampling sites 3, 4, 5 and 6 are
located on the perimeter of the lake (marked x).  Lake water
levels are measured near site 5.  (Aerial photograph courtesy
of the Department of Land Administration of Western
Australia.)13
The moats are elongated and form a nearly continuous body of water around a shallow
central wetland (Figure 4). The area of central wetland, including open water  is about
160 ha. It is seasonally dry and mostly overgrown by Typha orientalis, Typha
domingensis, Schoenoplectus sp., Juncus pallidus and, in parts, by Baumea articulata
(Figure 4). During the study period, the wetland area was about 493 ha. Open water
comprises about 15% of the total wetland area.
Table 1: Artificial lakes at Herdsman Lake and their characteristics.
Name of locations
(see Figure 3)
Time of construction Surface area (ha)
(measured from
1992 air photos)
Maximum depth
(m)
Central wetland
(shallow meres)
original 15.68 1
Floreat Waters 1979–1981 16.48 12.5
Popeye Lake 1982–1983 17.75 15
Powis Lake
(excluding the island)
1983–1985 18.40 12
Floreat Lake 1993–under
construction
3.68 unknown
Total area of open water 71.99
A 10 m contour surrounds the lake (Figure 3) and the 10 m groundwater isopleth
follows the eastern and northern lake boundaries (Figure 2); hence, the lake is an
expression of a groundwater table unlike nearby Jackadder Lake, the lake levels of
which are artificially maintained (Davies, 1993).  Herdsman Lake is like other lakes on
the Swan Coastal Plain in that, in summer, more water evaporates than is received by
precipitation, so surface inputs through drains are important in maintaining water levels.
2.2.2  Climate
The study area is located in the mid latitudes (32°S), and very low temperatures (below
0°C) are never reached.  The Swan Coastal Plain has a Mediterranean climate (Seddon,
1972) characterised by wet, cool winters and dry, hot summers.
The seasonal movement of high-pressure cells controls the climate of the Swan Coastal
Plain.  In summer, the thermal equator is situated south of the geographical equator.
High pressure systems then move south directing dry and hot easterly winds across the
western part of the continent. Local sea breezes may change the prevailing wind
direction to a westerly.  Average maximum temperatures in summer are about 30°C.14
Average minimum temperatures are about 18°C.  Any summer or autumn rains are
generally associated with a tropical low (monsoonal or cyclonic in origin), although
occasionally they are caused by a cold front.  On average, there are ten rainy days in
summer.
As the thermal equator moves north during the southern winter, the weather in Perth is
dominated by cold fronts moving from the west and south-west that direct cold, moist
air over the continent.  Some very intensive rain events result from a combination of a
cold front and a low-pressure troughs extending from the north-west that directs warm,
moist air over Perth.  The average maximum temperatures in winter are approximately
19°C and the average minimum is around 10°C.  The average number of rainy days in
winter is 52.
Summer or autumn rain events in Perth are mostly very short and intensive with rain
intensity of about 4–10 mm/h.  Winter and spring storm events on average tend to be
longer but lower in intensity.
The single most important climatic factor for the lake hydrology is the extreme seasonal
moisture regime. Summer and autumn are characterised by high evaporation (240 mm)
and no rainfall, whereas winter and spring have moderate rainfall (160 mm) and
evaporation (45mm) rates. On average, rainfall exceeds evaporation between May and
August, but for the remainder of the year there is a rainfall deficit. Perth receives most
of the annual rainfall (57% based on the long term average) in winter.  These are
discussed further below.
The average annual rainfall is 868 mm over 119 days, and the mean annual evaporation
rate is 1,688 mm. On average, June, July and August are the wettest months, receiving
70% of the annual rainfall.
2.2.3  Hydrology
The hydrology of Herdsman Lake can be considered as a series of interactions between
rainfall, groundwater, incoming drains, shallow lakes and meres, constructed both deep
and shallow moats, and a drain discharging to the ocean.
Inflows and outflows in drains were monitored during this study.  These are described
in Chapter 4, and water quality is discussed in Chapters 5 and 6.15
In general, the hydrologic cycle can be considered as the movement of water from the
atmosphere (inflow), temporary storage on land and outflow to a primary reservoir,
usually the ocean.  Components of that cycle are precipitation, evaporation, surface
runoff and groundwater flow.
Most lakes on the Swan Coastal Plain are shallow with high surface-area-to-volume
ratios. This was also the case for Herdsman Lake until drainage was implemented in the
1920s and the lake was artificially deepened in the 1980s and 90s.
According to Churchill (1961), Herdsman Lake was most likely part of an ancient river
system flowing south through, or near, Lake Monger (Figure 1) then through a swamp
near Wellington Street in Perth and into the Swan River. The lake may have been partly
drained at some stage by a natural stream running from the south-west section of the
wetland. This could have led through the Reabold Hill swamps, south through to Butler
Swamp and into the Swan River at Claremont.
Originally, there was probably little or no significant surface inflow to the lake, except
during large storm events or in the middle of winter.  The lake perimeter and the
catchment were covered by vegetation. This vegetation, especially deep-rooted trees,
kept the water table low through evapotranspiration. That changed after the drainage in
the 1920s and when the catchment was progressively cleared from 1920 to 1970.  The
introduction of a drainage scheme also substantially changed the hydrologic
characteristics of the catchment.  Urbanisation of the catchment lead to the conversion
of large areas from pervious to impervious (principally roofs and paved areas).
Extensive areas in the catchment were levelled and graded, reducing opportunities for
local ponding of surface water.  Hydraulically efficient drains and pipes have replaced
naturally meandering seasonal streams and numerous swamps.
Today Herdsman Lake is a part of a regional drainage system maintained by the Water
Corporation of Western Australia and the City of Stirling.  The lake receives surface
runoff from 3,300 ha of catchment, and intercepts groundwater flow.  The lake is used
as a regional compensating basin, storing peak winter drainage and receiving local
stormwater runoff. Water levels within the lake are controlled by a series of boards in
the drains.
The moats (i.e. Powis Lake, Popeye Lake and Floreat Waters) are sufficiently deep to
be permanent water bodies.  The central wetland with its shallow pools and meres often16
dries in summer. Two drains flowing into the lake intercept the water table and flow all
year: Balgay Drain and Osborne Main Drain (Figure 3).
In winter, the maximum drain discharge is considerably less than the combined peak
rate of inflow from all drains. During late spring and early summer, water levels fall
from their winter peak.  This is mostly due to evapotranspiration, falls in groundwater
levels and substantially reduced surface drainage.
The combined flow from two main drains (Osborne Park drain and Balgay drain) can
exceed the capacity of the ocean outfall.  Temporary flooding of areas around the drain
occurs from stormwater overflowing, especially in winter and spring. Modification to
the flow of the Osborne Main Drain was aimed at improving this situation. A multitude
of earth works around Herdsman Lake had at some stage aimed to control the flow
between the lakes and drains.  This, however, is far from being achieved.  In 1992 some
flow-control structures were installed in the Balgay drain that did not prevent the drain
water from flowing to the moats, or water from Powis Lake from entering the Popeye
Lake or vice versa (depending on the relative water levels).
2.2.4  Geology and geomorphology
Herdsman Lake lies within the superficial formation of the Spearwood Dune System
(one of a series of dunes of mainly Holocene and Pleistocene age) which lies over older
sedimentary rocks.  The sediments beneath the lake are part of a series of limestone
deposits (Tamala formation) of Quaternary age.  As a consequence, the lake water is
slightly alkaline, but highly acidic peats have formed at the lake bottom over the last
10,000 years (Churchill, 1961), although not in the last few hundred years as the climate
has been too hot and too dry.
2.2.5  Soils
Herdsman Lake and the low lying areas in its catchment have dark-grey-to-black peaty
clays of variable sand content of lacustrine origin (Environmental Geology series map
1: 50,000). Teakle and Southern (1937), who conducted the first soil survey of the area,
referred to the area as “a reclaimed marsh” since the main drainage had been put in
place in 1925. They grouped the soils into three major categories: peaty sands and
loams of the marginal areas; acidic-to-strongly-acidic colloidal, pulpy peats of the
sedimentary type; and marly peats of the colloidal, pulpy type. Within those categories,
Teakle and Southern (1937) described six major soil types:17
·  Muchea sand;
·  Joondanna series;
·  Njookenboroo series;
·  Koondenning calcareous peat;
·  Herdsman marly peat; and
·  Balgay peat.
The area was described by Teakle and Southern (1937) as unsuitable for market gardens
because of its excessive soil acidity (pH as low as 1.23).
The low-lying areas to the north of Herdsman Lake, along the Osborne Main Drain,
have mostly peat that is “black, clayey in part, saturated fibrous organic soil”
(Environmental Geology Map series 1:50,000). The remainder of the catchment is
covered by the sandy soils of the Spearwood System. They are characterised by
medium-to-coarse grains that are pale and olive yellow in colour, moderately sorted and
of residual origin. Except for the peat soils, the catchment soils have high permeability.
The peat soils have low bearing capacity, lie in areas prone to flooding and are therefore
not suitable for residential or commercial use. Teakle and Southern (1937) reported that
one of the peat soils, the Njookenboroo peat, has a capacity to hold up to 400% of water
(by weight), though more typically 200%. Sandy soils on the other hand are important
for groundwater recharge. They are suitable for most land uses such as residential and
roads (Environmental Geology Map series 1:50,000).
2.2.6  Vegetation
The density and composition of vegetation cover are important to the runoff
characteristics of the catchment.  Sparsely vegetated or bare areas allow faster flows
during rain and result in higher turbidity in receiving waters compared to catchments
with full ground cover.  In addition, dense vegetation slows surface runoff and enables
rain to seep into the ground more readily; hence, soil or plants can absorb nutrients and
pollutants and the turbidity of the receiving waters is lower.  This generally results in
receiving waters having better water quality.
The vegetation of Herdsman Lake and its surrounds has changed greatly since European
settlement began on the Swan Coastal Plain in the 1830s.  The lake was originally a
large and shallow basin of some 420 ha.  The edges were overgrown by rushes and18
sedges, Melaleuca rhaphiophylla, Banksia littoralis and Eucalyptus rudis.  Whether
Typha orientalis is native to the area or has been introduced is unresolved, although
most botanists believe it was introduced after European settlement.  Trees covered
lower lying areas in the catchment and especially around the lake: Melaleuca species,
flooded gums (Eucalyptus rudis), Banksia littoralis and sedges.  Tuarts (Eucalyptus
gomphocephala) and Banksia species occupied higher ground (Smith and Marchant,
1961).
Some early reports describe areas with Osborne peaty sand supporting “paperbark” and
“flood gum” (Teakle, 1935).  Because this soil type was most suitable for market
gardening, it would have been cleared extensively early in the 19
th century.
Most vegetation in the central wetland area was destroyed in the 1920s and 30s when
drains were constructed and attempts were made to use the area for agriculture.
Easton (1971) describes the area of Osborne Park before European settlement as one
containing “many fine tuart trees”.  Lower areas were occupied by swamps. Where the
terrain was higher, sandy loam supported jarrah, red gum, Banksia, tuart, palms
(presumably Macrozamia riedlei) and Xanthorrhoea preissii.
Catchment vegetation cover
Since the 1950s, nearly all of the Herdsman Lake catchment has been cleared.  Most
native vegetation has been lost to the residential and extensive commercial zones of
Osborne Park and Balcatta, market gardens and exotic plants.  Apart from small areas
on the perimeter of the lake, native tree stands in the catchment disappeared in the
1950s and 60s during land clearing for housing estates and commercial developments.
Some large specimens of tuarts, flooded gums and melaleucas remain along the
Osborne Park drain.  Typha grows along this drain with some sedges: Baumea
articulata and Schoenoplectus validus.  The remainder of the vegetation in the
catchment is made up of exotic plants that, over the years, have become very well
established, especially along the drains.
Vegetation on the perimeter of the lake
Two stands of relatively large trees remain in the southern area of the lake (Melaleuca
sp. and swamp banksia (Banksia littoralis) and, in the western area, paperbarks (Acacia
saligna) and flooded gums.  The other dominant plant is Typha along with the native19
sedges Baumea articulata and a few small stands of Schoenoplectus and rush Juncus
pallidus.  Weeds are most prominent in the south-eastern area where they initially came
from an overgrown pasture.  Dames and Moore (1987) listed the species of ferns and
flowering plants recorded at Herdsman Lake since 1975.
There are small market garden plots on the perimeter of the lake (north-west and south-
east sector) (Figure 4). Vegetable gardens typically have potatoes, tomatoes, capsicum,
sweet potatoes, dew and rock melons and pumpkin.  Some areas were also used for
pasture and were mostly covered by kikuyu grass (Pennisetum clandestinum), Typha,
carpet weed (Phyla nodiflora), Bushy starwort (Arctotis subulatus), Indian pennywort
(Centebla corifolia), Hastate orache (Atriplex prostrata), Slender knotweed (Polygonum
salicifolium) and Goosefoot (Chenopodium sp.) (Dames and Moore, 1987).
Vegetation along moats and drains
Large numbers of planktonic, benthic and filamentous algae occur in the moats.  Algae
observed during the recent study include Nodularia, Nostoc, Anabaena and Microcystis.
They are particularly undesirable because some contain toxins that are poisonous to
humans and waterfowl.
Algal blooms are particularly common in late summer.  Especially common is the blue-
green alga Microcystis  aeruinosa.  A filamentous alga (Spirogyra) and watercress
(Nasturtium officinale) are very common in spring and summer in drains flowing into
the lake.
Vegetation around the central wetland
Since the 1950’s the central wetland has been almost entirely overgrown by Typha
orientalis, and some Typha domingensis. There are also stands of Baumea articulata,
Juncus pallidus and Schoenoplectus.  On the high ground there are a few paperbarks.
Willow (Salix sp.) and poplar trees (Populus sp.) are the most prominent exotic tree
species in the area.  Kikuyu grass (Pennisetum clandestinum) grows along the drains
traversing the wetland, along the moats and around the lake.  Some central wetland
areas, flooded in winter, become overgrown by grasses during dry seasons.  Smaller
exotic trees and shrubs are found around the lake (especially in the south-eastern area).
The most common are the castor oil plant (Ricinus communis), cottonbush
(Gomphocarpus fruiticosus) and thistle (Cirsium sp.).20
Herdsman Lake was shallow in winter before European settlement and Typha is thought
to have occurred only in small clumps at the lake (Bekle, 1988). It is believed to have
become widespread after the drainage system was completed.  There have been ongoing
attempts to remove weed species and to replant with native trees and shrubs.
2.2.7  Fauna
There are many species of water birds in Herdsman Lake.  These have been the subject
of many surveys (for example, Bekle 1988; Curry, 1981; Storey et al., 1993).  During
surveys of wetlands from 1990–92, Herdsman Lake was ranked seventh (on the Swan
Coastal Plain) in terms of the supported number of waterbirds.  It was also placed high
(fifth rank) in wetlands supporting the highest number of species (Storey et al., 1993).
About 31 species have been listed as “birds regularly seen”, and the total number of
species is around 100 (Van Delft, 1988).  Most of the birds (including migratory birds
from the Northern Hemisphere) depend on the water and wetland plants for food and
shelter. It is for this reason that the wetland has been placed on the directory of
important wetlands in Australia (Lane et al., 2000).
There are also a number of reptiles, amphibians, fish and introduced animals (e.g. cats
and dogs) around the lake (Dames and Moore, 1987). Davis et al. (1993) have carried
out an invertebrate survey of the lake.
2.3  History
Stone chips and flakes found on higher ground to the north of Herdsman Lake indicate
past aboriginal use.  Aborigines called the lake “Ngurgenboro” and most likely used the
area as a food source.  There are a number of known ethnographical and archaeological
sites located in the catchment (Department of Aboriginal Affairs, pers. comm.).
There was little development activity around the lake until 1854 when a monastery was
built on the shores of nearby Lake Monger. By the turn of the century, the Herdsman
Lake area was owned by the Roman Catholic Church and used for the summer grazing
of cattle. After the First World War, the Returned Soldiers League bought land from the
Church and used it as a soldiers’ resettlement scheme. One of the cottages on the
western shore of the lake still remains from this era.
Around 1912, the Osborne Park area was drained for agriculture, and drain water was
directed to Herdsman Lake.  A scheme to drain Herdsman Lake began in March 192121
and was completed in May 1925. There was great pressure to clear land for crops as
food and good agricultural land were in high demand. Even around 1933 “food was so
short it had to be fetched by Government schooner from Mauritius, India and other far
off British possessions” (Hancock, 1979). A north–south and east–west grid system of
open channels was built through the wetland. A system of locks was used to regulate the
depth of water in the drains (the main lock was at a height of 7.98 m above mean sea
level). The water table could be kept about 0.61 m below the pre-drainage level. An
ocean outfall channel, some 3.6 km long (mostly underground) was constructed to drain
the area, and water levels were substantially reduced.  Areas that previously had open
water became shallow marshlands.  This is the period when Typha appears to have
become widely established.
Since that first major drainage system was built the lake became an important part of
the regional drainage basin with water levels controlled by gates to the ocean outfall.
Water from the drains and remaining natural water courses was also used for irrigation
of market gardens, and it was considered good quality, fresh water (Teakle and
Southern, 1937; Atkinson, 1984).
Apart from market gardens or pasture, the area was considered unsuitable for
development because of the high water levels.
In 1955 the Stephenson and Hepburn Report was released by the State Planning
Authority, which assessed future urban development in the metropolitan area.  Twenty
years later, the Metropolitan Region Planning Authority (MRPA) recommended that
Herdsman Lake be reserved for parks and recreation (MRPA, 1975) (Appendix 1).
In 1976 the MRPA released the Herdsman Lake Concept Plan. The general intention
was to develop the lake for conservation, wildlife, recreation and drainage management.
It was proposed that a moat surrounding the lake be built, separating the central wetland
area, which was of greatest conservation value, from the peripheral vegetation, which
was mostly used for recreation.  Dredging was to supply the fill needed for adjacent real
estate development.  The open waters of moats would also create a favourable
environment for bird life.  Recreation areas surrounding the lake were to be landscaped
and lawns and shrubs planted.  The plan recognised that the future function of the lake
would also have to be one of a compensating basin, and protection from flooding for the
central wetland.22
In 1986 the Improvement Plan was released. In the same year, the state government
recommended that the area be set aside to provide for the conservation and appreciation
of wildlife, passive recreation, education and scientific study. Cabinet also decided that
following the completion of works detailed in the Improvement Plan, Herdsman Lake
should be amalgamated into a single lot for reservation as a nature reserve, vested in the
National Parks and Nature Conservation Authority and managed by CALM for the
purposes of nature conservation and recreation. The nature conservation values of
Herdsman Lake were recognised as follows:
·  It is a wetland of national importance for waterfowl in the directory of important
wetlands of Australia;
·  It provides a diversity of bird habitats for waterbird species;
·  It attracts at least 80 species of birds;
·  It creates an opportunity to provide an urban bird sanctuary and educational facility;
and
·  It provides an important recreational facility for the surrounding area.
2.4  Land use
Owing to its central location in the city of Perth and its large size, the history of changes
and impacts on the lake have been well documented; however, catchment-wide studies
of land uses and their impacts have never been undertaken.
At the turn of the century large parts of the catchment were used for market gardens
(mostly by the Chinese). Rate books for the Osborne Park area show that during
1900–1920 there were between 7 and 15 Chinese market gardens in the Herdsman Lake
area. The block sizes varied between 4 and 16 ha (Atkinson, 1984). Later, in the late
1920s southern Europeans started to dominate the market garden business. The area was
quite isolated and, despite considerable efforts by the shire, there were very few
residential properties.  During the 1930s, a few settlers lived on the perimeter of the
lake (Atkinson, 1984). The central wetland, however, had very acidic peat soils and
proved unsuitable for intensive agriculture. By the 1940s, market gardening had
retreated to peripheral properties with the central wetland being used for dairy cattle
grazing.23
There were some difficulties in clearing the land (which was overgrown by the rushes),
obtaining drinking water and providing sufficient drainage of acidic soils (Easton,
1971).  The area would flood in winter and yet have insufficient water for crops in
summer.  In the 1930s the southern area of the lake was an approved sanitary depot
(Easton, 1971).  At various times Herdsman Lake has been used for rubbish disposal,
sanitary land fill and drainage for agriculture (ESRI, 1981).
2.5  Land tenure
For many years, Herdsman Lake had a mixture of land tenures, making coordinated
management difficult if not impossible.  The situation now is that the Water
Corporation of Western Australia, and the two local governments, the City of Stirling
and the City of Perth (now divided into three entities) are responsible for main drainage.
The Department of Urban Planning and Development had private interests in the area
surrounding the lake.  The City of Stirling has recreational reserves vested in them.  In
1998 the land tenure was transferred to the Department of Conservation and Land
Management, which is currently preparing a management plan for the lake as a
conservation park.
2.6  Previous work on water quality at Herdsman Lake
There is no published information on water quality in Herdsman Lake before 1981.
Since then there have been several systematic studies of water quality in the meres,
moats and drains at Herdsman Lake (Table 2).  Nearly all of them were conducted as
part of a monitoring program accompanying new residential and commercial
developments in the area. Davis et al. (1993) collected data at Herdsman Lake as a part
of a larger comparative study of 41 wetlands on the Swan Coastal Plain.24
Table 2: Past studies of water quality at Herdsman Lake
Study Number of sites Sampling frequency List of parameters
ESRI (1981) 5 near Floreat
Waters
August, September
and October 1981
physical parameters, HCO3-,
PO4-, Cl-, NaCl, Ca2+, Mg2+.
ESRI (1983) 17 sites
throughout the
lake and drains
six sampling
occasions between
September 1982
and May 1983
physical parameters, nutrients
and metals: Cr, Cu, Pb, Ni, Zn,
Fe , Mn.
Clarke et al.,
(1990)
12 sites in the
moats
1982- 1988 physical parameters, turbidity,
chloride, nutrients, chlorophyll a,
pesticide and heavy metals
Davis et al.,
(1993)
Floreat Waters and
Popeye Lake
January 1989,
November 1989,
November 1990
TKN, major cations and anions,
physical variables, nutrients,
chlorophyll a, phytoplankton and
zooplankton
The past studies investigated physical parameters, selected nutrients and metals and, in
some cases, also pesticides. The frequency of sampling varied with ESRI (1981)
reported on samples from five sites that were collected on three sampling occasions.
The most comprehensive discussion of the water quality of Herdsman Lake is a study
by Clarke et al. (1990), which analysed data collected by the State Planning
Commission between 1982 and 1988.  Some results of that study can be compared to
the study by ESRI (1983) since they partly overlap in space and time.  Clarke et al.
(1990) provide such an analysis.  A comprehensive study and comparison of forty-one
wetlands on the Swan Coastal Plain, which included Floreat Waters and Popeye Lake,
was provided by Davis et al. (1993).  It  provides wetland classification based on water
quality and invertebrate community data collected at those lakes between 1989 and
1990.
ESRI (1981) reported on the data collected by Dr I. Lantzke from the Claremont
Teachers College (Table 2).  The temperature at all sites followed a seasonal cycle;
August temperatures were lowest and October temperatures the highest. All pH values
were slightly alkaline. There was no obvious pattern to the concentrations of dissolved
oxygen, most of the samples were below concentrations recommended for freshwater
wetlands (Davis et al., 1993).  Nearly all phosphorus concentrations were above the
recommended guideline (ANZECC, 1992).
Deep and shallow water and selected drains were monitored by ESRI (1983) (Table 2).
At that stage, only the Floreat Waters moat existed.  A thermocline was present in the
deep areas of the lake.  Oxygen concentrations and pH were within the normal range for25
this lake but varied considerably over time for the drains.  Low oxygen concentrations
were detected below the thermocline.  High concentrations of nutrients were present in
the lake.
2.6.1  A study of Herdsman Lake and the moats
Clarke et al. (1990) analysed data collected by the State Planning Commission (SPC)
(Table 2).  Sampling was mostly confined to the surface waters. The study found large
differences between the lakes. Each lake had large seasonal fluctuations in most
parameters, but the pattern was different at each lake. All lakes had slightly alkaline
water with little seasonal fluctuation in pH.  All lakes were fresh and nutrient enriched.
Floreat Waters had the highest turbidity, chlorophyll a and nutrients.  All lakes had
thermally stratified water in spring and summer with thermal overturn in autumn.
The highest concentrations of total phosphorus were in Floreat Waters. There were
seasonal changes in total phosphorus, the lowest in late spring to early summer and the
highest in autumn to late winter. Popeye and Powis Lakes had a similar pattern but of a
smaller magnitude in the seasonal change in total phosphorus. The highest
concentrations of orthophosphate were in Floreat Waters.  No clear pattern emerged
from sampling at other lakes.  Total phosphorus at Herdsman Lake followed
concentrations of chlorophyll a very closely. Most total phosphorus at Floreat Waters
was organic phosphorus (probably in algal biomass).
Chlorophyll a concentrations followed a seasonal cycle with a bloom in summer
through autumn and often into winter, collapsing in spring.  There were high
concentrations of pesticides in the water.
2.6.2  A comparative study of 40 wetlands on the Swan Coastal Plain
Between summer 1989 and summer 1990, Herdsman Lake was sampled on three
occasions as part of a larger study of Swan Coastal Plain wetlands (Davis et al., 1993).
Samples were collected from Floreat Waters and Popeye Lake.
Schmidt and Rosich (1993) found that Popeye Lake had sodium as a dominant cation,
followed by calcium, magnesium and potasium.  Dominance of sodium, Na+ over other
cations was due to the proximity of the ocean with westerly winds carrying sea spray.
Major anions were Cl– and SO42– originating from rainfall.  The salinity was relatively
low.  Floreat Lake had the same cation order, but salinity was twice as high: 1,10026
mg/L.  Popeye Lake and Floreat Waters were allocated to the group of lakes with more
alkaline water (Schmidt and Rosich, 1993).
Floreat Waters and Popeye Lake were found to be highly stable, with the Idso-Schmidt
indices between 6.6 and 94 J/m
2 (Schmidt and Rosich, 1993).  This was the highest
index of all 40 wetlands included in the survey.  Both lakes were found to have a very
high ratio of the maximum depth to the depth of the euphotic zone.  Generally, the
mixed layer was greater than 6 m but the euphotic zone was 6.2 m or less (Schmidt and
Rosich, 1993).  Both lakes were the deepest of all those included in the survey.  Floreat
Waters had a depth of 12.5 m and Popeye Lake 15 m.  Dissolved oxygen levels for their
surface waters were very high; i.e. almost all times it was near saturation values.
Floreat Waters and Popeye Lake had high phosphorus concentrations.  Nitrogen
concentrations varied with the season and changed according to concentrations of
chlorophyll a (algal blooms).  Total nitrogen (TN) concentrations were highest in
November 1989 at Floreat Waters.  The study found Anabaena and Microcystis, typical
for a deep lake that is thermally stable, with high pH and low CO2 concentrations
(Schmidt and Rosich, 1993).
All previous studies and monitoring programs indicated that Herdsman Lake has
elevated nutrient concentrations, especially nitrogen and phosphorus.  The effects of
this eutrophication on wildlife and vegetation have not been determined.  There are,
however, grounds for concern over nutrient-associated algal blooms.  Other lakes in the
metropolitan area that are nutrient rich suffer from a number of problems including
reduction in species diversity, animal poisoning and weed invasion (Balla, 1994).
There has been intensive use of pesticides around the lake, mostly to control Argentine
ants and pests in market gardens.  Herbicides have also been used widely in market
gardens and alongside the drains.  The Water Corporation of Western Australia and
local councils use herbicides to control weeds along the drains.  Chemicals used in the
past include Hoegrass, Fusilade and Roundup.  There were probably other small usages
of pesticides and herbicides in a number of residential areas around the lake.27
2.6.3  Previous work on water quality in the drains of Herdsman Lake
There have been one unpublished and three published studies on the water quality in the
drains around Herdsman Lake (Table 3) (Figure 5).
Table 3: A summary of past water quality studies in the drains around
Herdsman Lake.
Study Number of sites Period of
monitoring (No of
samples)
List of parameters
ESRI (1983) 4 September 1982-
May 1983 (6)
physical parameters,
nutrients and metals:
Cr, Cu, Pb, Ni, Zn, Fe
and Mn.
Clarke et al.
(1990)
4, in Floreat Waters,
opposite drain
outlets, pesticides in
the drains
April 1982, May
1982, July 1982,
September 1982,
February 1983
pH, TDS, turbidity,
nutrients, chlorophyll
a, Cd, Cu, Pb, Zn,
pesticides
Davies (1993) 1 site between
Jackadder Lake and
Osborne Park drain
July 1992- July
1993
pH, conductivity and
nutrients
Murdoch
University
students, 1991,
unpublished
6 sites, 4 on the
perimeter, 2 in the
catchment
one storm event,
September 1991
pH, temp.,
conductivity,
nutrients ,Cd, Cu, Pb,
Zn
ESRI (1983) monitored four stormwater drains as a part of a larger monitoring program
following residential development and the dredging of moats around Herdsman Lake
(Table 3).  The sites were at important locations where drains flowed in and out of the
lake. All nutrients were at consistently high concentrations. Generally nutrient
concentrations were lowest in November and highest in January or February.
Metal analysis revealed elevated concentrations of lead, zinc, nickel and chromium.
Copper concentrations were generally low except at two sites (Selby St North and Flynn
St).28
Figure 5: Locations of stormwater drain sampling sites in four studies:
(a) ESRI (1983), (b) Clarke et al. (1990), (c) unpublished
Murdoch student data (1991) and (d) Davies (1993).29
Clarke et al. (1990) provided some indirect data on water quality in the drains (Table 3).
Four sites (1, 3, 5 and 7) were located in Floreat Waters in the shallow water
immediately opposite the stormwater drains (Figure 5).  Because of the location of the
sampling sites, they neither truly represent lake water nor drain water.  It is therefore
difficult to compare those data to other studies.  Physical parameters, nutrients,
chlorophyll a and heavy metals were monitored five times between April 1982 and
February 1983.  Turbidity levels in drain water were generally lower than in the open
water.  Exceptions were samples obtained during or immediately after rain.  Total
Kjeldahl nitrogen was, on average, higher in the drains than in the lake, as were
ammonia and nitrate.  Most samples were, however, below the water-quality guidelines.
Total phosphorus concentrations were high — nearly half of the samples exceeded the
recommended guideline.  Chlorophyll a concentrations in the drain water were very
similar to the lake.  Elevated concentrations of cadmium, copper, lead and zinc were
recorded at all sites in most samples.  Nearly all samples obtained in drains in 1982, and
in the Balgay drain in 1985, had high concentrations of pesticides (dieldrin and
heptachlor) — higher than the criteria set by Nicholson (1984) and USEPA (1968).
Davies (1993) monitored the drain connecting Jackadder Lake and Osborne Main Drain
between July 1992 and July 1993.  The results of this study are discussed further in
Chapter 5.
2.6.4  Groundwater quality
There are about twenty monitoring bores and 100 domestic bores in the catchment of
Herdsman Lake (Figure 2).  Although water levels are recorded monthly, water quality
data are very sparse.  Only one or two water quality samples are available for most of
the monitoring bores.  Data from nine monitoring bores within the catchment (Figure 2)
have been obtained from WAWA and are discussed in Chapter 5.30
3  Materials and methods
This chapter presents the methods used to conduct the work described in other chapters
of the thesis; especially site selection, water sampling and chemical analysis (Chapters
4, 5 and 6).
3.1  Site selection
The usual approach to compiling information about pollutant loading is to collect data
from drainage areas of homogeneous land use.  There are problems with that approach,
though.  First, it is often difficult to collect sufficient data.  Second, there are
uncertainties concerning the representativeness of the selected sampling sites. By
focusing on small homogeneous sites, larger heterogeneous areas may be ignored
(Hodge and Armstrong, 1992).
Water sampling sites were chosen for this study using the following criteria: ease of site
access, homogeneity of the subcatchments, and wide spatial coverage to enable a
comparison of runoff volumes and loads from different types of land covers and land
uses.  Security of equipment, personal safety at the site, and logistics of water-discharge
measurements were also considered.
All sampling locations were open drains except the ocean outfall where samples were
taken from the end of the pipe. Five sites were selected with water flowing into the lake
and one site with waters flowing out. One (pseudo control) control site at the ocean
outfall was also monitored.  The control site was only monitored for baseflow, and first
and last samples during each storm event were also collected.
The position of each site was surveyed using a theodolite and a global positioning
system unit (Table 4).  Plane coordinates were established to within 0.1 m and height
above mean sea level was measured with an accuracy of one millimetre.31
Table 4: Coordinates (eastings and northings) and height above
Australian Height Datum (m) for sites established during the
study at Herdsman Lake (1:25 000 topographical map sheet
PERTH 2034-II NW and PERTH 2034-II SW (Grid zone 50J
LK).
Site number Easting (m) Northing (m) Height AHD (m)
height measured to the top of the
drain (pipe)
Site 1 388 506 6 472 020 12.878
Site 2 387 413 6 470 509 10.756
Site 3 386 350 6 468 875 9.022
Site 4 385 800 6 467 688 8.438
Site 5 386 812 6 466 475 7.683
Site 6 387 663 6 468 200 8.980
Site 10 382 125 6 466 000 4.783
Sites were numbered from the north to south following the flow of water (Figure 3).
Subcatchment boundaries were defined using surface topography (Figure 6).
3.1.1  Site 1 subcatchment (the Balcatta site)
The most northern sampling site was at the Osborne drain in the upper part of the
catchment.  The drain flows next to old landfill that was recently converted into a sports
ground. The groundwater table is close to the surface.  Soil, sand and organic detritus
cover the drain floor.   Both sides of the drain are overgrown mostly by shrubs and
grasses: castor oil plant (Ricinus communis), papyrus and kikuyu grass (Pennisetum
clandestinum).
Land use in the subcatchment consists of a small housing subdivision in which most
homes are single storey.  Some blocks of land are sufficiently large for owners to
maintain vegetable gardens.32
Figure 6: Boundaries of subcatchments of Herdsman Lake catchment.
Sites monitored in the study are alongside the drains.33
Table 5: Summary of site and subcatchment characteristics.
Parameter Site 1 Site 2 Site 3 Site 4 Site 5 Site 6
Site characteristics
Drain type Underground pipe
flowing into a U-
shaped drain,
semi-shade
Open drain, U-
shaped, unshaded
Open drain, U-
shaped, shaded by
Tuarts
Open drain, U-
shaped, shaded by
trees
Underground pipe
flowing into a U-
shaped drain,
unshaded
Underground pipe
flowing into a U-
shaped, drain,
unshaded
Drain bed Sand, sediment,
small stones
Sand, sediment Soft sediment,
very deep, up to
0.5m.
Sand, sediment,
aquatic plants
Soft sediment Sand
Bank type Compacted earth Compacted earth
and wood planks
Compacted earth Compacted earth
and wood planks
Compacted earth,
grass
Compacted earth
Flow type Permanent permanent permanent permanent intermittent Permanent, but
slowing to a trickle
in summer
Subcatchment
characteristics
Main landuse Low density
residential, market
gardens, mostly
permeable
surfaces
Medium to low
density
residential, market
gardens,
commercial and
light industry
Commercial and
light industry,
some residential,
freeway,
Medium density
residential, some
parks and Typha
High density
residential,
commercial
Commercial and
light industry, high
density housing,
open space with
Typha and weeds
Roads/traffic type All roads are
sealed one arterial
road
All roads are
sealed, two
arterial roads
All roads are
sealed, two
arterial roads and
freeway
All roads are
sealed, one
arterial road
All roads are
sealed, two
arterial roads
All roads are
sealed, two
arterial roads
Vegetation cover Mostly Typha,
weeds along the
drains
Typha and grass
along the drains
Only along the
drain: trees and
weeds
Typha and grass
along the drains,
weeds
Grass along the
drains, weeds
Grass along the
drains, weeds, a
few trees34
3.1.2  Site 2 subcatchment (the Telford Street site)
This site is at the northern branch of the Osborne Park drain.  Two large nurseries are
situated 0.5 km north, upstream of the sampling site.  Large expanse of Typha and
weeds cover areas on both sides of the drain.  An area adjacent to the site is often used
as a local, illegal, rubbish tip.  Residential properties along the drain maintain large
vegetable gardens, and there are low densities of sheep, goats and horses.
3.1.3  Site 3 subcatchment (the Woodlands site)
The third site is along the large Osborne Park drain.  The southern part of the
subcatchment receives runoff from a major commercial and light industrial area with
homeware show rooms, car repair shops, panel beaters, light industry (i.e. metal
structures and aluminium alloys), hardware shops and a major shopping centre.  Most of
the catchment is sealed either by roads, carparks, or roofs of concrete tiles, clay tiles,
zinc-aluminium, and light steel and bituminised sheets.
In the past, a large proportion of this land had been used for market gardens.  Horses are
kept on the eastern side of the drain, opposite the site.
The drain is often used to regulate water levels at nearby Jackadder Lake.  In summer,
Jackadder Lake water would often be topped up by the drain water.  This resulted in
altered water levels at site 3.  Due to the high nutrient content of the drain water, this
practice was contributing to extensive algal blooms in the lake.  Following a
consultant’s report (Davis, 1993), topping up of the lake has been abandoned by the
local council.
3.1.4  Site 4 subcatchment (the Floreat Waters site — outflow drain)
This site is an open drain, between very steep earth banks and flows to a large culvert
under the road.  Water collected from the catchment flows into or sometimes bypasses
the lake. Excess water flows through this site to an ocean outfall on the shore of Floreat
beach.  This drain is shaded by trees (mostly Eucalyptus rudis) and contains some
aquatics.  Horses are kept on the paddocks north of the drain.
3.1.5  Site 5 subcatchment (the Flynn Street site)
This is the southern-most subcatchment with runoff flowing north from a predominantly
high-density residential area.  Runoff from this subcatchment is collected by
underground pipes and fed into the Flynn Street drain, which becomes an open drain35
some 100 m south of the lake.  The sampling point was at the end of a pipe where it
flowed to an open, shallow drain leading to the lake.  Most surfaces in the subcatchment
are sealed, and the only permeable surfaces are along some road verges and in
residential gardens.
3.1.6  Site 6 subcatchment (the Balgay Drain site)
This site is at the so-called Balgay drain — one of the oldest drains (constructed during
1921–25).  It services areas to the east, north-east and south-east of the lake.  Most of
the catchment is sealed (i.e. bitumen, concrete, roofs).  Immediately adjacent to the
drain is a recreational area with two artificial ponds: Glendalough open space.  Typha
and grass grow on the perimeter of these ponds, which have been constructed as an
emergency holding basin in case of a major chemical spill.  The site is at the end of a
closed underground pipe about 100 meters east of the lake.  The drain flows into Popeye
and Powis Lake, and some water flows via the drain to site 4.
3.1.7  Site 10 (Floreat Beach site — outflow drain)
The site has been chosen to provide a “pseudo control” for the site 4: the only drain
flowing out of the lake.  Because only one site (site 4) was located at the outflow of the
surface drains from the lake, it was appropriate to provide at least one other point where
water quality and quantity could be checked.  Samples were taken from the end of the
pipe at Floreat Beach, some 3.6 km west of Herdsman Lake.  It is an open earth wall
drain for a kilometre then a buried conduit discharging into the near shore of Floreat
Beach.  The outfall pipe is 1–2 m above the level of the ocean.  Water velocity was
measured through an opening, 20 m upstream from the end of the pipe.  Samples for
chemical analysis were collected from the end of the pipe.
3.2  The surface area of the subcatchments
Surface areas of subcatchments of Herdsman Lake catchment were calculated using
topographical maps (1:25 000) and Water Authority map of the catchment (1:20 000)
(Table 6).36
Table 6: The surface area (ha) of subcatchments of the Herdsman
Lake catchment
Subcatchment Surface area (ha)
Site 1 Subcatchment  (Balcatta site) 679.6
Site 2 subcatchment (Telford Street Site) 612.2
Site 3 subcatchment (Woodland Site) 691.5
Site 4 subcatchment (Floreat Waters Site ) 458.0
Site 5 subcatchment (Flynn Street Site) 78.4
Site 6 subcatchment (Balgay Drain Site) 216.5
Holland St Drain subcatchment * 70.8
Herdsman Lake subcatchment * 493.0
Total 3300
* (Not monitored)
For load calculations, sites 1, 2 and 3 are along the same drain; site 3 being the furthest
downstream.  Other subcatchments upstream of site 5 and 6 were the only sampling
points for that area.  Surface areas were calculated upstream from sampling points
(Table 7).  As an example, the load for site 3 was calculated by dividing flow-weighted
concentration at site 3 by the total area upstream from site 3.
Table 7: The surface area of upstream subcatchments of sampling
sites in the Herdsman Lake catchment.
Sampling site Total surface area of
upstream subcatchment (ha)
1 subcatchment 1 = 679.8
2 subcatchment 1+2 = 1292.2
3 subcatchment 1+2+3 = 1983.7
4 whole catchment 3300
5 subcatchment 5 = 78.2
6 subcatchment 6 = 215.5
10 whole catchment = 3300
3.3  Flow measurements and sample collection
Flow was measured at the outlet of the culvert or pipe.  The geometry of the culvert was
a round pipe at all sites except site 2 where a rectangular weir 1.5 m downstream from
the culvert was the site of flow measurement.  Samples for water quality assessment
were taken with a plastic bucket (dry weather sampling) or automatic water sampler
(wet weather sampling).37
Instruments left in the field (i.e. flow meters and automatic water sampling meters)
were housed in modified 200 L metal drums, secured with star pickets.  Despite all
precautions, some sites were vandalised and sampling equipment was stolen.  One site
had to be relocated 20 m downstream in the last two months of the study because of a
road realignment (site 3).
3.4  Sampling program
Each site was sampled monthly between June 1992 and March 1994 (Table 8).
Samples for background flow were usually collected between 8 a.m. and 12 p.m.  Up to
four rain events were monitored at each site.
3.5  The first flush
The first rain after a prolonged dry period is often called the “first flush” or the “initial
flush”.  It often contains a higher proportion of pollutants because of the relatively long
deposition time.  The high turbulence and water velocity in drains also tends to
resuspend particles that had previously settled.  In Perth the first storms in February or
March typically contain the highest pollutant concentrations for that season.  The first
flush has not been well defined in the literature.  Black and Rosher (1980) used the term
and carried out “first flush” sampling in Peel Inlet and Harvey Estuary but did not
define the term.38
Table 8: Frequency of sampling in Herdsman Lake catchment during research program 1992–93.
 1992 1993 1994
Site
Number/
Month
number
6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3
1 •
X
• •••• • ••
X
• • • • ••• •••• ••• • •• •• • • •
2 •
X
• •••• • ••
X
• • • • ••• •••• ••• • ••
X
•• • • •
3 •
X
• •••• • ••
X
• • •
X
• ••• •••• ••• • ••
X
•• • • •
4 •
X
• •••• • ••
X
• • •
X
• ••• •••• ••• • ••
X
•• • • •
5 •
X
• •••• • ••
X
• • •
X
• ••• •••• ••• • •• •• • • •
6 •
X
• •••• • •• • • •
X
• ••• •••• ••• • ••
X
•• • • •
10 ••• •••• ••• • •• •• • • •
Legend:
• Background sampling
X - rain event sampling39
The US EPA Stormwater Sampling Manual define first flush sampling as:
… individual sample taken during the first 30 minutes of a storm event.
The pollutants in this sample can often be used as a screen for non-
stormwater discharges, since such pollutants are flushed out of the
system during the initial portion of the discharge (US EPA, 1993, p. E2).
First flush was defined in this study as “the proportion of total load exported to the
proportion of total runoff over the same period” (Weeks, 1982).
Because of difficulties in mounting a permanent housing for equipment, site 10 (on the
beach at the end of the ocean outfall drain) could not be monitored during storm events.
An attempt was made to monitor storm events at all sites simultaneously; although
equipment theft, vandalism and equipment failure resulted in incomplete sampling
coverage.
Typically, 10–15 samples were obtained during storm events.  Each site (except number
10) had an automatic water sampler during the study.  The automatic sampler took
400 ml samples, a capacity insufficient for full nutrient analysis by the standard
techniques used in the laboratory (Table 9).
Grab sample collection (manual and automated) and sample preservation were
conducted in accordance with US EPA (1993) guidelines.  Operation of the automatic
water samplers is described in Chapter 5.
The automatic flow meter available during the study was moved between the sites
during different storm events. The remaining sites were monitored with a manually-
operated current meter: a Marsh-McBirney Model 201 (Marsh-McBirney, 1980).  The
operation of both instruments is covered in Chapter 4.  Water samples were not taken if
there was no flow in the drain. Field blanks, sampling blanks and equipment blanks
were collected (Cogwill, 1988).40
Table 9: The types of analysis for background and storm event
monitoring at Herdsman Lake during the 1992–93 study.
Analysis type Background flow Storm event flow
pH, temp,
conductivity
•
total depth, width • •
flow rate • •
TP, TPF • •
PO4, Porg •
TN, TNF •
TKN, TKNF • •
NH4 , Norg, NO3 •
heavy metals • •
total suspended solids • •
3.6  Physical and chemical data
Water was sampled near the surface in the middle of the drain using a bucket and rope.
For automatic sampling, a long tube was placed approximately in the centre of the drain
and secured with a star picket. The other end was attached to the pump of the automatic
sampler.
Temperature, pH, conductivity, depth and flow were recorded in the field.  The
background flow nutrient samples were filtered (with a 0.45 µm GFC filter) in the field
and placed in plastic “whirlpacks” kept at approximately 4°C until arrival at the
laboratory.  The automatic sampler bottles were kept at near 4°C during the collection
and filtered in the laboratory.
Filterable reactive phosphate was analysed by the single-solution method (MAFRL,
1998) — nitrate plus nitrite after copper–cadmium reduction with a Technicon
Autoanalyser II (Technicon Industrial Systems, 1975) and ammonia plus ammonium by
the phenol-prusside method (Dal Pont et al., 1974).
Total nitrogen was determined from sulphuric acid digestion followed by analysis for
ammonium and phosphate by the methods above. Total nitrogen was computed as a
sum of nitrate–nitrite, organic nitrogen and ammonia. Total Kjeldahl nitrogen (TKN)
was calculated as a sum of the organic nitrogen and ammonia. Although there is an41
overlap, TKN and ammonia are reported separately to enable comparisons with
previous studies which only reported TKN.
Total phosphorus was calculated as the sum of organic phosphorus and orthophosphate
and inorganically bound phosphorus.  Total phosphorus was determined from perchloric
acid digestion followed by analysis for orthophosphate using the manual spectroscopic
method of orthophosphate by the single-solution method (Major et al., 1972).
3.7  Laboratory analysis
Nutrient samples were analysed in the Marine and Freshwater Research laboratory at
Murdoch University.  All methods are explained in their analysis documentation
(MAFRL, 1998).  Inorganic and organic nutrients were measured, including total
nitrogen (± 200 µg N/L), total phosphorus (± 15 µg P/L), ammonium (± 3 µg/L), nitrate
plus nitrite (± 2 µg/L), filterable reactive phosphate (± 2 µg/L) and organic phosphorus
(± 2 µg/L).   Heavy metal analysis was carried out by stripping voltammetry (Method
PDVE007, Chemtronics 1986).  Detection limit for heavy metals was 1µg/L.
Total suspended solids were measured as described by Greenberg et al.  (1985).  An
estimate of total dissolved solids was obtained by multiplying the conductivity
(mS/cm) by an empirical factor.  This factor varies from 0.55 to 0.9 depending on the
soluble components of the water and the temperature measured (Greenberg et al., 1985).
The factor used commonly for Perth wetlands is 0.64 (Davis et al., 1993).
While other aspects of total suspended solids could have been pursued (size, shape and
mineral content for example), it was decided that the additional effort to do that was not
warranted.  Other studies reported that the smaller the particle, the more mobile it is and
the higher its relative surface area for adsorption (Davies-Colley and Close, 1990;
Dempsey et al., 1993).  The contaminant associated with small-sized particles can travel
as dissolved pollutants do but will react as if they are immobilised on particles
(Dempsey et al., 1993).  Turbidity (sometimes reported instead of total suspended
solids) was not measured because it does not allow for mass balance calculation, and
previous work on Herdsman Lake did not report high turbidity as a water quality
problem.42
3.8  Statistical analysis
Several standard statistical measures were extracted from the data: minimum,
maximum, average, variance, standard deviation and standard error.  In addition, ratios
and simple correlation coefficients between most variables have been calculated.  Total
loads of pollutants and average discharge data have been computed.  These analyses
were extracted for all data for each individual year, season and storm event.
Seasons were defined in the following way:
·  Winter: 1 June –30 August
·  Spring: 1 September–30 November
·  Summer 1 December–28 February
·  Autumn: 1 March–30 May.43
4  Water flows and water balance
4.1  Introduction
This chapter describes a water balance study at Herdsman Lake based on measurements
of catchment surface flows and rainfall in 1992 and 1993.  Groundwater was not
monitored.
In studying the water balance of Herdsman Lake, three questions were considered
particularly important:
1.  How fast does the water flow?
2.  How much water flows in and out?
3.  How much runoff is there from different subcatchments?
First, water velocity in different parts of catchment was measured.  Second, the volume
of water flowing in and out of the lake was determined.  The pollutant or nutrient
budget of the waterbody could be worked out from water balance.  Third, data on runoff
from separate subcatchments was measured to interpret the nutrient balance and relative
contributions of different land covers and uses.
The main factors influencing volume of runoff are climate and catchment
characteristics.  Whilst climate variability over time is important, the greatest variability
in runoff volume is generally due to differences in land use and land cover
characteristics.
As previously mentioned, a large part of Herdsman Lake catchment is a reclaimed
swamp, and a drainage system put in place over the years keeps groundwater levels low.
Although initially the function of drains was to increase the area suitable for agriculture,
today their main role is flood protection of an increasingly urbanised catchment.  With
more sealed surfaces, runoff is increased and groundwater recharging is reduced. Lakes
used as compensating basins, such as Herdsman Lake, receive most water by surface
inputs, and groundwater is a minor component of the water balance.44
Clarke et al. (1990) and the EPA (1990) have identified the lack of water balance and
water flow information as an impediment in the management of Herdsman Lake.
Clarke et al. (1990, p. 122) list as one of the “requirements for effecting solutions”,
determination of the water balance of the lake and establishment of the likely residence
time of pollutants in the lake.  Depending on the results of such research, drain water
might have to be either diverted from the lake or treated before entering it (Clarke et al.,
1990).
The success of lake management and restoration techniques largely depends on
knowing the lake nutrient budgets, and these can only be determined if the water
balance is known.  Water budgets appear to be deceptively simple to construct: water
flowing in equals water flowing out, plus or minus the change in storage.  In reality,
though, the determination of the individual components of the inflow and outflow is
very complex (Winter, 1981).
In the case of those natural wetlands on the Swan Coastal Plain that are unaffected by
urbanisation, their hydrology is driven by rainfall, evapotranspiration and groundwater
levels (Ventriss, 1989).  The water levels are normally highest in spring and lowest in
autumn.
Before this study, no data existed on discharge for the drains around the lake.  It was
also not known if all drains flowed during dry weather.
There were several questions in this thesis  directed at the water balance in general and,
in particular, the role of stormwater events in transporting pollutants:
1.  How important is dry weather or background flow for the water balance compared
to the wet weather flows?
2.  Are design discharge values exceeded during storms? And, if not, do the drains
overflow?
3.  What contribution do summer and autumn storm events have in transporting
pollutants compared with similar storm events in winter and spring?45
4.2  Hypotheses
The following hypotheses were tested:
1.  Discharge from relatively small subcatchments (1–5 km
2) is very small on a unit
area basis compared to flows from larger subcatchments.
2.  There is a continuous flow from larger subcatchments.
3.  Winter and spring storms produce the highest average discharge and flow velocity,
and summer the lowest.
4.  In summer and autumn, there may be very little or no flow out of the lake.
5.  Storm-event discharge data for the main inflow and outflow drains would be very
similar in spring when the lake levels are typically highest.
6.  The water balance would show water excess in the lake in spring and a deficit in
autumn.
7.  The control site at the ocean outfall differs by, at most,10% from the discharge at
site 4 (the main outflow drain).
8.  Discharge at the control site is higher than at site 4 due to local drains being
connected to the pipe before it discharges to the ocean.
4.3  Methods
Six sites were selected to represent runoff from different land use areas.  The sites and
their subcatchments have been described in Chapter 3.
Rainfall and flows for four storm events in six subcatchments were compared to two- to
four-weekly “background” flows.  Measurements were made of water volume passing
through gauging stations.  The number of measurements at each site varied from 50 to
93.  Direct and indirect methods of discharge measurement were used.  They included
water depth, the width of the channel, the height above the culvert and velocity (Figure
7).
Monitoring storm events is very labour intensive, and storm events are unpredictable in
the total amount of rain they will produce, the duration, and the time when they start
raining.  For this study, an attempt was made to select a typical rain event during each
season.46
Two winter storm events were documented.  One was of high rain intensity and low
rainfall; the other was of high rainfall but low rain intensity.  One summer and one
spring rain event were also documented.
“Dry weather” or “background” sampling was defined as sampling between storm
events.
4.3.1  Storm event monitoring
Three criteria were used to determine if the storm event was suitable for monitoring:
1.  The rainfall must be greater than 5 mm. (Based on experience during a pilot study,
this amount is sufficient to generate runoff and flow in the drains.)  US EPA (1993)
stipulates the minimum as 2.54 mm to meet discharge application requirement.
2.  A minimum of 72 hours must have passed since the last rain (US EPA, 1993).
3.  The rainfall amount and duration should not vary by more than 50% from the
average for that season (US EPA, 1993) — a criterion that could not be applied to
the summer storm event.
Flow was recorded for two to four weeks for background flow and every 5 to 60
minutes during storm events.  Apart from storm events that only lasted several hours,
the shortest period of interest is one season (three months).  According to Cogwill
(1988), the length of the record should be at least 10 times as long as the longest period
of interest.  In this study, this would have meant 30 months of data collection, but
budget constraints allowed for only 24 months of monitoring.  Characteristics of
monitored storm events were compared to the “typical” storm event for that season
(based on long-term data) and were all considered to be typical of the season (Bureau of
Meteorology, unpublished data).
4.3.2  Determining “representativeness”
The method of US EPA (1993) was used to determine if a rain event differed by more
than 50% from the average for that season.  Mean storm duration and mean rainfall
during a storm were compared with monitored storms.  All storms were representative
of the season during which they were collected.  Data were also compared to the
summary of storm event characteristics for Perth from the Water and Rivers
Commission (1998).47
4.3.3  Flow and discharge measurements
Direct flow measurements were taken during dry weather and selected storm events.
An indirect method was also used to monitor storm events.  A water-depth probe
(hydrostatic pressure sensor with automatic ISCO flow meter model 3220) was set up at
each site to calibrate depth and discharge (ISCO, 1989).  Water depths measured by
ISCO flow meter were converted to discharge using rating curves established for each
site.
Flow and water depths were measured in each channel.  The bottom of the drain was
checked for accumulating debris, especially when the water was a turbid (site 2 and 3).
At some sites, it was possible to obtain all measurements without getting into the water.
When flow rate was around 1.0 m/s it was too dangerous to enter the drain, and only
channel width and height were measured.  The maximum flow that the current meter
could record was 3.0 m/s.  This was exceeded on a few occasions immediately after a
sudden downpour at the ocean outflow (site 10) where water flows down a considerable
slope.  Profiles of the drain bottoms and most flow measurements were taken by
wading.  Care was taken to stand in a position that least affected flow measurements.
For safety reasons, wading was attempted only if the velocity was less than 0.8 m/s.  No
wading was attempted at night if a second person was not present.  Each channel was
checked for “quick sand”, snags and weeds growing at the bottom.
All measurements were taken twice to ensure that the current meter was responding
correctly.  Care was taken that the probe was facing the current by slowly rotating the
rod until a maximum reading was obtained that corresponded with the probe directly
facing the current.  The probe was cleared of any grass, algae or plastics.
Sections were usually equally spaced across the channel, except when the channel cross
section was asymmetric.  Four to five sections were used in flow measurement.
Measurement of the water velocity
Water flow in channels was determined by the area–velocity method (Grant, 1992;
ISCO, 1989; Ferguson and Znamensky, 1981), which is based on the general hydraulic
equation:
Q = V  * A
where: 
Q = total discharge for a given time interval48
V = velocity
A = cross - sectional area (depth * width)
To increase accuracy, the cross-sectional area was divided into smaller sections in
which flow and depth were measured separately (Figure 7).  In some cases as many as
five sections were used to determine the flow where the channel width was 5 m or
greater.  On average three sections were used.  The cross sectional area of each channel
was calculated for each occasion.  Care was taken that the different point chosen for
depth measurement or sediment accumulation or removal underneath the culvert did not
influence the total depth.
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Figure 7: Typical cross-section through a channel.  Sections at profiles
such as A, B, C and D are used for flow measurement to
compute channel discharge values.  V1, V2 and V3 are
velocity contours.  V1 has the lowest velocity and V3 the
highest.  Water depth and distance (height) of the water
surface can be measured from a stable surface (e.g. the
edge of a culvert or drain).
Water depths were measured either with the current meter rod, which has 5 cm
markings, or an automatic flow meter.  Height measurements (Figure 7) (i.e. the
distance between the water surface and the top of a drain) were more reliable and
consistent than those of total depth measurements.  This parameter was used in most
calculations for the cross section area of the channel.  Depending on the water depth, the
following three methods were used with the current meter:
1.  The two-point method: Observations were made at one or more sections (Figure 7)
at 0.2 and 0.8 of the total depth below the surface.  The average of these was used as
a mean velocity in the section.  This method was used for depths greater than
0.075 m and where the velocity at 20% of the depth was equal to or less than twice
the velocity at the 80% of the depth.49
2.  The six-tenths depth method: Measurements of velocity were made at 0.6 of the total
depth at one or more sections (Figure 8) and were used as the mean velocity at the
section.  This was done when water depth was between 0.1 and 0.8 m.  It was also
used when the water depth was changing rapidly and there was insufficient time to
use the two- or three-point methods.
3.  The three-point method: Observations were made in one or more sections at 0.2, 0.6
and 0.8 of the water depth.  The mean velocity in the section was computed as
follows:
mean velocity0.2 & 0.8 = (v0.2 + v0.8)/2
mean velocity = (mean v0.2 & 0.8 + v0.6)/2
where:
vx denotes the velocity at the depth stated.
This method was used when total depth exceeded 0.75 m, especially if the velocities
were not normally distributed.  The six-tenths depth method was most often used for
velocity measurements.
Figure 8: A typical velocity profile in the channel.  Mean velocity can be
recorded at 0.6 of the total depth.
Direct measurement of discharge
Where flow was measured using several sections, the following formulae were used to
calculate discharge:
Q = åqx50
qx= vx * 1/2 * (bx – bx–1) *  dx
where 
Q  =  total discharge for a given time interval
qx  =  partial section discharge through a section x
vx  =  mean velocity at section x
bx  =  distance from initial point to section x
bx–1 =  distance from initial point to section x–1
dx  =  depth of water at section x
Direct flow measurements were calibrated against the water depth for each site.
Correlations were calculated and a discharge table prepared.  These tables were used to
derive discharge at times when current meter data was not available.
Current meter
Water velocity was measured with a portable current meter (Marsh-McBirney model
201) (Figure 9).  The portable, battery operated instrument has a range of measurement
from 0–3 m/s.  The lowest recordable flow was around 0.05 m/s (Marsh-McBirney,
1980).
Indirect measurements of discharge
An ISCO flow meter was set up at each site to measure the changing water depth during
storm events.  When the mean velocity, stream bed and banks are accurately surveyed,
only data on the stage of the stream is necessary for runoff calculation.
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Figure 9: Portable water current meter (Marsh-Birney Model 201).51
ISCO flow meter (stage sampler)
Flow meter was an ISCO model 3220 with plotter and submerged probe.  It was
mounted in the channel using a custom-made bracket (Figure 10).  The instrument was
used in the level mode, which records water depth above the probe.  It was powered by
a 12 volt car battery, allowing for 7–10 days of continuous operation.  The flow meter
contains microprocessor-controlled circuitry to calculate water levels.  The minimum
reliable detection of water depth was the probe’s height: 0.030 m.  Maximum depth
useable was 6 m, and the range of operation was 0.030–3.000 m.  The accuracy of the
probe varied with depth; on average it was ± 0.003 m (ISCO, 1989).
The probe was mounted on the side of the channel, close to a drum housing the meter,
plotter and battery (Figure 10).  A cable connecting the probe with the meter was fed
through a small hole in the drum.  To avoid being covered be sediment, the probe was
usually mounted 0.01 m from the bottom of the channel.  The probe has several ports
through which water can be in contact with the pressure transducer, and the only way
for the probe to stop working was if all port holes became blocked (ISCO, 1989).
Discharge calculations
The measurements from an automatic flow meter were compared to manual recordings.
A regression function that gave the highest correlation coefficient of those investigated
was used to describe the relationship between water depth and discharge.  Discharge
data were converted from volume of flow per unit time (m
3/s or L/s) to discharge, and
related to catchment area (L/s/ha) and also rated against rainfall (L/s/ha/mm of rain).
cable
bracket secured
to the drain
probe
Figure 10: Mounting of the submerged ISCO probe52
4.3.4  The lake’s water balance
The general form of an equation for water balance of a lake can be expressed as:
Is +Ig + P - E - Os - Og - DV  = 0  (4.1) (Figure 11)
where:
Is [m
3
/day] = surface inflow
Ig [m
3
/day]  = groundwater inflow
P [m
3
/day]  = precipitation on the surface of the waterbody
   (parametric)
E [m
3
/day]  = evaporation from the surface of the waterbody
   (parametric)
Os [m
3
/day]  = surface outflow
Og [m
3
/day]  = groundwater outflow
DV [m
3
/day]  = change in water storage
or simplifying:
DV = inflow – outflow
root
zone
subsurface
zone
base flow
direct runoff
precipitation
evapotranspiration
soil moisture
groundwater
Figure 11: The concept of water balance (redrawn after Thornthwaite
and Mather, 1955).
Because Herdsman Lake catchment has a uniform geology structure dominated by
sands, groundwater flow is relatively unidirectional and constant.  Lakes on the Swan
Coastal Plain also tend to be “flow-through lakes”, which capture groundwater on the
upgradient side and discharge on the downgradient side (Townley et al., 1993).
Compared to surface flow, groundwater flow in lakes such as Herdsman makes a very
small contribution to the lake’s water balance.  Other studies of the groundwater quality53
indicate that it is a negligible contributor to lake pollution compared to stormwater
runoff (Davies, 1993).
Groundwater flow is expensive and difficult to measure, and for the purpose of this
study it was assumed that Ig = Og, leaving the groundwater out of the equation.
Equation 4.1 becomes:
Is  + P – E – Os  – DV  = 0   (4.2)
where DV is the unknown.  
Since Herdsman Lake has three main drains flowing in and one flowing out, surface
inflow was calculated by adding discharge:
Is = discharge (site 3 + site 5 + site 6)
and with only one outflow drain:
Os = discharge (site 4)
The area of the lake
This was measured using topographical maps and compared to geo-referenced aerial
photographs.  The total area of the waterbody was 458.94 ha.  The area of open water
was 72 ha (Table 1, Chapter 2).
Water balance calculations
The change in lake volume due to surface flows was calculated for each sampling
occasion using spreadsheets.  These results were corrected for precipitation and
evaporation from the lake’s surface.  Data were also grouped into four seasons (spring,
summer, autumn and winter) and averaged for each season.
The water balance was calculated as a difference between inflow and outflow.
Consequently, when lake levels were low, the change in storage should be positive
(more water flowing in than flowing out), whereas when lake levels were higher, the
change should be negative (more water flowing out than in).
Meteorological data were from the Perth Bureau of Meteorology.
Uncertainties in estimating rainfall over the catchment were overcome by obtaining data
from three locations (Floreat, Woodlands and Yokine) within or near the catchment as54
well as the official meteorological station in Mount Lawley.  Precipitation gauges have
an inherent error associated with them.  Instrument errors tend to be between 1% and
5%, depending on the type of gauge and intensity of rain. For example, tipping gauge
underestimates by up to 5% in very heavy rain (Winter, 1981).  Other studies
recommended that for catchments in excess of approximately 500 ha, a network of rain
gauges over the catchment is desirable (Hart, 1982).
Both daily and monthly rain and evaporation records were used to interpret the data.
Monthly lake and groundwater levels were obtained from the Water Corporation of
Western Australia.
Rainfall records for Perth (Mt Lawley station) and Floreat Park were well correlated
during the study period (r2 = 0.8), and Perth data were used for the analysis of storm
events.
Precipitation and evaporation were calculated as follows:
P = Precipitation  [m
3
/day] * Area of the lake [m
2
]
E = Pan evaporation rate [m
3
/day] * Area of the lake [m
2
] * c
where “c” is a coefficient to convert pan evaporation values to lake evaporation (Black
and Rosher, 1980).
Monthly lake-to-pan factors were used to determine evaporation from the lake surface.
For the seasonal discharge calculations, an average of three-month factors was used.
Figures derived by Black and Rosher (1980) were used for this correction.
4.3.5  General aspects of field sampling
There was some difficulty in selecting storm events appropriate for the measurements
required.  The likely time and volume of a rain event was often very difficult to predict.
Other difficulties included:
·  the time needed to set up; and
·  the impossibility of starting all sites simultaneously as automatic triggers that could
be remotely activated were not available.
Overland runoff and some small drains were not monitored because of their relatively
small input.  There are approximately 15 small local authority drains flowing directly to55
the lake.  Flow in these drains was only noticed during heavy storm events.  Their
combined discharge is smaller than that of site 5 and a pilot study showed little flow
even during a 20 mm rain event.
4.3.6  Accuracy of the measurements.
While every care was taken to eliminate random and systematic errors, some were
unavoidable.  Winter (1981) and Townley et al. (1993) point to many uncertainties in
measuring water balance of such lakes.  The main one is that one or more terms of the
water balance equation are calculated as the residual.  As mentioned earlier, this
approach was taken in this study because it was believed that overland flow and
groundwater contribution was relatively minor.  Lake evaporation and transpiration by
plants were also not measured.  There are other sources of error such as when only
individual storms are monitored or when the study is very short (less than a year)
(Winter, 1981).  This was partly overcome by monitoring over two years and selecting a
range of storms of varying characteristics.
Accuracy of current-meter measurements depends on several factors: the current meter
itself, the number and distribution of velocity measurements, the time of exposure of the
meter to the flowing water and the measurement of the cross-sectional area of the
channel.
There are several sources of errors associated with the measurement of discharge and
water balance in this study:
·  the lake water depth measurement (error  ± 0.002 m);
·  the drain depth and width (± 0.005 m);
·  the manual water velocity probe (± 2%)  ranged from 0.05 m/s to 3 m/s, which
means errors ranging from 0.001 m/s to 0.06 m/s;
·  the automatic ISCO flow meter (± 0.003m); and
·  the area measurements on aerial photographs ± 0.1 mm on the photo, which means
0.04 m
2 on the ground.
Therefore:
·  The error in the flow rate calculations (cross-section of the drain x velocity) is ± 2%.56
·  The error in the discharge and water balance calculation (flow rate from catchment
area) is ± 3%.
4.4  Results and discussions
The results follow the hydrologic cycle of precipitation, evaporation, groundwater
flows, lake water levels and surface flows.
4.4.1  Meteorological data
During the study most meteorological parameters deviated considerably from the long-
term average (Table 10).
Evaporation
The pan evaporation for 1992 and 1993 was higher than the long-term average (Table
10).  Total pan evaporation in 1993 was higher than in 1992.  Monthly evaporation data
in 1992 shows that January had the highest evaporation followed by December.  In
1993, monthly evaporation was higher than in 1992, except for April, October and
November.  The driest month in 1993 was December and the second driest was January.
Average winter and summer evaporation in 1993 was higher than in 1992.  Average pan
evaporation in spring 1993 was lower than in 1992l; whereas, in autumn the average
evaporation was about the same for both years.
Rainfall
In 1992 rainfall in Perth was 10% above the long-term average.  In 1992 June had the
highest monthly rainfall, followed by August.  In 1993 Perth received 23% less rainfall
than the long-term average.  In 1993 the highest monthly rainfall was in August and the
second highest in July (Figure 12) (Table 10).
The number of rain days in 1992 was higher than in 1993 and higher than the long-term
average.  In 1992 August had the most rain days, followed by July.  In 1993 July had
the most rain days and August the second highest (Table 11).  In 1992, the highest
rainfall in one day occurred in February, followed by June.  In 1993, the highest rainfall
in one day was in May, followed by July.  The February 1993 February single-day
storm event produced only 20.8 mm of rain.57
Table 10: Mean meteorological parameters for Perth in 1992 and 1993 compared with the long-term average (source: Bureau of
Meteorology, unpublished data).
 Parameter Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual
Long-term average
mean max.
temperature (°C)
29.6 30.0 28.0 24.6 20.8 18.3 17.4 18.0 19.5 21.4 24.6 27.4
mean min.
temperature (°C)
17.9 18.1 16.8 14.2 11.7 10.1 9.0 9.2 10.3 11.6 14.0 16.2
mean precipitation
(mm)
8 12 19 45 123 183 173 135 80 55 21 14 868
mean evaporation
(mm)
263 219 191 117 71 46 45 62 87 137 195 246 1688
deficit (mm) 255 207 172 72 7 83 174 232
excess (mm) 52 137 128 73
1992 data
mean max.
temperature (°C)
33.5 29.7 27.2 25.6 20.5 19.0 18.8 17.4 18.2 22.6 24.2 28.2
mean min.
temperature (°C)
19.2 18.0 17.2 15.1 10.5 10.4 9.9 8.8 8.7 10.8 13.5 15.2
mean precipitation
(mm)
4 150 32 17 65 226 114 193 57 24 75 3 961
mean evaporation
(mm)
311 232 188 151 82 74 65 77 101 161 217 271 1928
deficit (mm) 307 82 156 134 17 44 137 142 268
excess (mm) 152 49 116
1993 data
mean max.
temperature (°C)
32.1 30.9 27.7 24.6 21.3 18.0 17.5 17.9 19.9 20.6 26.4 30.4
mean min.
temperature (°C)
17.4 16.9 15.4 12.8 10.9 9.1 8.7 7.6 9.0 9.1 14.5 15.8
mean precipitation
(mm)
1 35 6 14 114 82 134 149 92 31 6 1 666
mean evaporation
(mm)
315 267 225 130 95 74 80 86 118 154 200 328 2072
deficit (mm) 314 232 219 116 26 123 196 327
excess (mm) 19 8 54 6358
Table 11: The number of rain days in 1992 and 1993 compared to the
long-term average
Month 1992 1993 Long-term
average
Jan 4 2 3
Feb 7 2 3
Mar 9 4 4
Apr 5 6 8
May 17 8 14
Jun 17 11 17
Jul 18 18 18
Aug 20 16 17
Sep 15 15 14
Oct 6 12 11
Nov 11 6 6
Dec 4 2 4
Annual 133 102 119
Figure 12: The total monthly rainfall for Perth for the two years of the
study (1992-93) compared with the long-term average.59
Figure 13: Comparison of deficit and excess of atmospheric water
between long-term average: 1992 and 1993 data.  Deficit
and excess are calculated as a difference between monthly
rainfall and precipitation.
During winter 1993 and part of the winter 1992 Perth had water surplus (i.e. rainfall
greater than evaporation), while the rest of the study period had water deficit
(evaporation greater than rainfall) (Figure 13).  The lag time between rainfall and a
change in lake levels was 2 to 3 months.
4.4.2  Lake water levels
Water storage in a lake was measured as the water level above a height datum.  Records
of Herdsman Lake levels have been made since July 1918.  No measurements were
taken from 1925–1978 (unpublished data, Water Corporation of WA).  From July 1978,
lake levels were recorded monthly at the southern edge of the lake, near Selby St
(Figure 14).  Between 1918 and 1925 the mean lake level was 9.23 m above mean sea
level — more than 2 m higher than the mean in the decade 1984–1994 when it was
6.72 m (Figure 14).  After the area was drained in the 1920s, lake levels remained
between 6.6 m and 6.9 m AMSL (Table 12).  Seasonal fluctuations since 1978 were
approximately ± 0.4 m.60
Table 12: Historical depth and water levels of Herdsman Lake (Teakle
and Southern, 1937; Bekle, 1988, Water Corporation of
W.A.).  The level of the lake bottom is approximately 8.8 m
AMSL.
Date Water level (AMSL)
(above mean sea level)
Depth
Earlier period
1847 0.91 m
May 1895   Dry   Dry
October 5, 1895 9.16 m 0.62 m
October 23, 1895 9.08 m 0.55 m
March 1896   Dry   Dry
Later period
September 1919 9.75 m 1.22 m
November 10, 1920 10.36 m 1.83 m
October 2, 1922 10.61 m 2.97 m
Historically, lake levels have been lowest (often dry, Table 12) in late summer
(February) and highest in spring.  In 1992, the minimum lake water level was in
February and the maximum in September.  In 1993 minimum the lake level was in
February, and the maximum was in November (Figure 15).
4.4.3  Groundwater levels
In 1992 and 1993 groundwater and lake levels were well correlated (Figure 15).  The
correlation coefficient between bore levels was 0.8. The correlation between individual
bores and lake levels was between 0.7 and 0.8.61
Figure 14: Herdsman Lake water levels between 1918 and 1994.  Note the discontinuity in data between 1925 and 1978.62
Figure 15: Lake water and groundwater levels (downgradient site) at
Herdsman Lake.  Borehole GD5 is located to the west of
site 4 (Figure 2).
4.4.4  Water flows
Flow velocity and discharge differed widely between sites. Design discharge limits of
drains were never exceeded, but drains frequently overflowed during heavy storms,
which can be attributed to poor design and maintenance of the drains and flow control
structures.
Small catchments had significant and rapid discharge during storm events while
remaining mostly dry in summer and autumn.
Because of the differences in rainfall, there were large differences in flow patterns
between 1992 and 1993.
4.4.5  Water velocity
The highest average flow rate was at site 3, the main in-flowing drain, and site 4, the
main drain flowing out, which supports hypothesis 1 in section 4.2.  In respect to
hypothesis 2, apart from site 5, all drains monitored had some flow throughout the year.
Flows were highest at all sites during storm events, and in winter, which supports
hypothesis 3.  Average flow in 1992 was higher than in 1993, except in winter at sites 2,
3 and 4.  Fluctuation of flows was greatest at sites draining small areas (Figure 19 and63
Figure 20).  Contrary to the prediction of hypothesis 4, in summer and autumn there
was substantial flow from the lake.
Although maximum flows were well below the present design flow (Table 13), on many
occasions water from the channel did flow over the levy banks.  Water levels in drains
were sometimes high due to the blockage of drains by rubbish or because of the large
volume of water during intensive storm events.
Table 13: Comparison of flows measured in this study to the design
flow rates for main drains around Herdsman Lake (storm
recurrence of 3 years) (Water Corporation of W.A., 1986,
map of the catchment).
Estimated peak flow to lake.
Design storm recurrence - 3 years
(WAWA, 1986) Measured flows in this study
Drain
Present Design
flow rates
(m
3
/s)
Ultimate  Design
flow rates
(m
3
/s)
Average winter
flows  in
1992–93
sampling (m
3
/s)
Maximum flows
in 1992–93
sampling (m
3
/s)
Osborne Park 5 4.0 0.84 1.35
Balgay 3.5 7.0 0.21 0.4
Holland St. 1.5 2.0 not measured not measured
Flynn St 1.0 1.25 0.1 0.3
Mean winter flows
At the high flow sites (i.e. 2, 3 and 4), water velocity in winter was higher in 1993 than
in 1992, but the opposite occurred at sites with smaller drains and lower water velocity.
These had higher flows in winter 1992 compared eith winter 1993.  Flows at the main
drains flowing in (sites 3, 5 and 6) and out of the lake (site 4) were approximately the
same.
Mean spring flows
Spring flow was the same in 1992 and 1993 at sites 1, 3 and 5.  At other sites, the
average water velocity in 1992 was much higher than in 1993.  In spring 1992 and
1993, water was flowing out (site 4) faster than flowing in (sites 3, 5 and 6).64
Mean summer and autumn flows
Average summer and autumn flows were the same at all sites in 1992 and 1993.  The
highest average summer flow was at site 3, followed by site 4.  In contrast to summer,
the highest average flow in autumn was at site 4; whereas, site 3 had only half that.
Site 5 had no autumn flow in 1992 or 1993.
Dry weather flows
The highest flows in 1992 and 1993 were at site 4, followed by site 3.  The lowest flows
were at site 5.  In 1992 and 1993 the average flow at site 4 was greater than at site 3.
There was a background flow at almost all sites during all the sampling seasons. (See
hypothesis 2, section 4.2.)  The exception was site 5 where there was often no flow.
Dry-weather sampling indicates a large volume of water entering the lake because of
groundwater seepage and due to irrigation in the catchment.  Mean background flow
rates were higher than mean summer–autumn flows and lower than mean spring–winter
flows.
Water velocity differed considerably between sites.  Whilst mean flow rates give a good
description of seasonal trends, minimum and maximum flow rate data allowed for
analysis of pollutant dispersion time between the sites and the lake.  From sites 3, 5 and
6, the closest to the lake, pollutants could reach the lake within minutes, and from site 1,
furthest away, about four hours (Table 14).65
Table 14: The range of flow rates and the minimum–maximum travel
time between the sites and the lake. (Calculations are based
on combined measurements for 1992 and 1993.)  Travel
time is based on the average of the highest and lowest water
velocity measurements.
Site Maximum flow
rate m/s
Minimum flow
rate m/s
Site to site distance
(m)
Shortest travel
time (min)
Longest travel
time (min)
1 0.23 0.05 Site 1 to site 2 2700 195.7 900.0
2 1.1 0.12 Site 2 to site 3 2250 34.1 312.5
3 3 0.03 Site 3 to site 4 1700 9.4 944.4
4 0.63 0.05 Site 1 to lake 5625 233.5 1587.5
5 0.7 0.02 Site 2 to lake 2925 37.8 687.5
6 0.52 0.05 Site 3 to lake 675 3.8 375.0
10 3 1.1 Site 5 to lake 50 1.2 41.7
Site 6 to lake 150 4.8 50.0
Site 4 to
ocean
3950 104.5 1316.7
4.4.6  Catchment discharge
As with the flow trend, the average seasonal discharge from all subcatchments was
higher in 1992 than 1993.  The site 5 subcatchment had the greatest discharge in winter,
spring and summer; whilst subcatchment 6 discharged most in autumn (Figure 16,
Figure 17 and Figure 19).  There was no discharge at site 5 in autumn.
Average background discharge was highest at site 6 and smallest at site 1 (Figure 18).
Discharge from subcatchments along the same drain (site 1, 2, 3 and 4) was
characterised by progressive loss of water to the system (Figure 20).  The subcatchment
of site 1 typically discharged least and site 2 the most.
Per unit of area, the smallest subcatchment (site 5) discharged the most of all
subcatchments, and it also had the greatest variability of discharge (Figure 21).66
Figure 16: The average seasonal discharge at different sites in 1992.
Figure 17: The average seasonal discharge at different sites in 1993.67
Figure 18: The average background discharge at different sites,
1992–93.68
Figure 19: The discharge at all sites (1992–93).  High “spikes” in the graph correspond to storm events.69
Figure 20: The discharge at sites 1–4 located along the Osborne Park Main Drain.  High “spikes” in the graph correspond
to storm events.70
Figure 21: The relationship between catchment size and average seasonal discharge for Herdsman Lake subcatchments
in 1992–93.  Average discharge from each site has been plotted against surface area of the subcatchment.71
The smallest subcatchments, 5 and 6, had the greatest variation in discharge; and the
largest subcatchments had the smallest (Figure 21).
Control at site 10
Contrary to expectations, there was considerable water loss between site 4 and the
ocean outfall site 10. On a monthly average, 30–40% of water volume. (Figure 22).
Therefore hypotheses 7 and 8 (section 4.2) were rejected.  This could be due to several
factors: loss by evaporation, seepage to ground or pumping water for reticulation.  Loss
by evaporation should not be very large because less than 1 km west of Herdsman Lake
the drain changes into an underground pipe about 3 km long.  Seepage to the ground is
likely to be the main reason for such large differences.  The drainage network was first
built in the 1920s, and these pipes made of reinforced concrete may well lose water.
4.4.7  Storm events
Sites 3 and 4 had the highest flow rates during all storm events; whereas, sites 6 and 5
had the greatest discharge per hectare of catchment (Figure 23, Figure 24 and Table 16).
The storm event in November 1992 produced the highest runoff, in particular from
subcatchments 5 and 6 (Figure 25).  As expected, winter storm events resulted in
highest flow rates and discharge.  A summer event in February 1993, with 32 mm of
rain, produced similar discharge to a smaller rain event (16.8 mm) in winter (August
1993) (Table 16).72
Figure 22: Comparison of water flow at site 4 (outflow) to the flow at control site at ocean outfall.73
Table 15: Summary of parameters describing storm events monitored
in 1992–93 at Herdsman Lake.
Parameter 11–13 June
1992
17–18 Nov
1992
5–6 Feb
 1993
3–4 Aug
1993
Total rainfall [mm] 50.8 7.8 32 16.8
Rain intensity
[mm/h]
2.24 2.78 5.5 12
Total [mm) 19.4 7.8 32 16.8
Day 1 Duration in hours 7.9 2.8 5.8 1.4
Intensity [mm/h] 2.45 2.8 5.5 12
Total [mm) 27.2
Day 2 Duration in hours 9.9
Intensity [mm/h] 2.74
Total [mm) 1.4
Day 3 Duration in hours 3.6
Intensity [mm/h] 0.39
No of days since
last rain of 5 mm or
more
10 4 75 3
Range of daily
evaporation
(mm/day)
2.4–3.2 5.4–6.4 12.8–12.2 2.0–5.8
Table 16: Rainfall, average flow rates and discharge for four storm
events in Herdsman Lake catchment.
11–13 June 1992
Total rain=50.8mm
17–18 Nov 1992
Total rain=7.8mm
5–6 Feb 1993
Total rain=32mm
3–4 Aug 1993
Total rain=16.8mm
Site Average
flow rate
[m3/s]
Average
discharge
L/s/ha
Average
flow rate
[m3/s]
Average
discharge
L/s/ha
Average
flow rate
[m3/s]
Average
discharge
L/s/ha
Average
flow rate
[m3/s]
Average
discharge
L/s/ha
1 0.2 0.27 0.1 0.15 0.2 0.29 0.2 0.29
2 0.31 0.24 0.52 0.4 0.5 0.39 0.72 0.55
3 0.81 0.41 0.59 0.3 0.73 0.37 0.93 0.47
4 0.70 0.21 0.95 0.29 0.51 0.15 1.00 0.3
5 0.15 1.87 0.1 1.24 0.05 0.57 0.1 0.6
6 0.34 1.58 0.3 1.39 0.33 1.52 0.17 0.8174
Figure 23: The average flow rates at different sites during storm events
in 1992 and 1993.
Figure 24: The average discharge at different sites during storm events
in 1992 and 1993.75
Figure 25: The average discharge at different sites corrected for the
rainfall during the storm event.
Storm event 11–13 June 1992.
The weather was typical for a winter storm that was associated with a deep low-pressure
system in the south–west of the state with heavy downpours followed by drizzle.  This
event had the highest total rainfall of all the storms monitored; however, it had the
lowest intensity (Table 15).  Ten days had passed since the last rain. The highest
average flow rate was recorded at site 3 and the lowest at site 5 (Table 16).
The storm event of 17–18 November 1992
This event had a typical late–spring weather pattern.  A strong cold front was passing
through Perth causing widespread showers, strong winds and decreasing temperature.
No rain was recorded on 17 November.  Total rainfall for 18 November was 7.8 mm
over 2.8 hours (Table 15).  Four days passed since the last significant rainfall when
25.2 mm was recorded.  The highest flow rates were at site 4; the lowest at sites 1 and 5
(Table 16).  This event produced the greatest runoff per catchment area per mm of rain.
Contrary to the prediction in hypothesis 5 (section 4.2), the main inflow and outflow
drains had different discharges; the highest being at site 4 (outflow drain).
The storm event of 6 February 1993
A trough, which formed along the west coast, caused cloudy, humid weather with
intensive showers.  This was the first significant storm event for 75 days (Table 15).
During the event, 32 mm of rain fell with an average intensity of 5.5 mm/hour.  Rain
fell in the catchment between 3a.m. and 12 p.m. with the highest amount between76
7 a.m. and 10 a.m. (an intensity of  8.1 mm/hour).  The highest flow rates were recorded
at site 3 and the lowest at site 5 (Table 16).
The storm event of 3–4 August 1993
This was typical of winter weather patterns in Perth.  A cold front passi9ng to the south
of Perth resulted in widespread showers.  The was no rain on the 3rd of August, but
16.8 mm fell on the 4th with the very high intensity of 12 mm/hour — the highest of all
the monitored storm events.  All rain fell between 4 a.m. and 8 a.m. with the highest
amount between 6 a.m. and 7 a.m. (11.6 mm).77
Figure 26: Changes in storage at Herdsman Lake 1992–93.  Negative values indicate more water was leaving the lake
than flowing in.78
4.4.8  The lake’s water balance
Generally, water flowed into the lake in winter and summer, and out in spring and
autumn (Figure 27). This supports hypothesis 6 (section 4.2).  On avergae, in winter
1992 more than three times of water flowed in compared to winter 1993.  During spring
1992 there was more water flowing out than in; whereas, in 1993 which was much
drier, there was more water flowing in.  Changes in storage in summer 1992 and 1993
were about the same.  During autumn 1992 and 1993, the water balance showed average
excess of flows out over inflows.  Lake water levels were lowest in summer, when the
inflows exceeded the outflows (Figure 27).
Figure 27: The average seasonal change in storage (bar graph) in
Herdsman Lake volume due to surface flows compared to
lake water levels (line graph).
This pattern of seasonal changes in water level is very similar to that observed in
Congdon’s (1985) study of Lake Joondalup 20 km north of Herdsman Lake. The only
difference being that minimum levels were in autumn rather than summer.
The surface of the open water was calculated as 71.99 ha; therefore, a 1 cm rise or fall
in the water level is equivalent to 7,199 m
3 of water.  By comparison, an Olympic size
pool has a volume of approximately 2,000 m
3.79
5  Water quality and nutrient loads
5.1  Introduction
One of the aims of this component of the study was to establish which season had the
highest pollutant load and whether a significant “first flush” effect could be identified.
Although the average discharge was usually highest in winter and spring, a long period
of dry weather, as typically encountered in the Herdsman Lake region, allows pollutants
to accumulate in the catchment and be washed away during occasional summer and
autumn rains. As mentioned previously (Chapter 1), algal blooms commonly occur at
the lake and are considered to be a direct result of the pollution entering via stormwater
drains.  To manage the lake well, it is important to know which drains contribute the
most pollutants.  The source of pollutants is often difficult to determine since, in urban
areas, most are non-point sources.  There are, however, some land covers and land uses
that have higher inputs of nutrients (e.g. market gardens) or of heavy metals; e.g. car-
repair workshops or busy roads.
The results of this study were also evaluated using data from design criteria for created
wetlands and, especially the expected performance for removing pollutants.  While
Herdsman Lake is a semi-natural system, it was nevertheless considered valuable to
investigate how well the lake system acts as a pollution sink.  When checking some of
the generic pollutant-uptake rates it is useful to calibrate the design criteria to local
conditions and not use parameters based on overseas studies (mostly US and Canada) or
eastern Australian studies (mostly New South Wales).
5.2  Hypotheses
The following hypotheses were proposed:
1.  The pH and conductivity of water in the drains flowing out are different to those in
input drains.
2.  A significant proportion of loads, that enter the lake in stormwater drains, remains
in the lake.80
3.  The average seasonal-pollutant concentrations will be inversely proportional to the
level of rainfall.
4.  The average seasonal-pollutant load will differ in years with different rainfall and
will be proportional to the rainfall.
5.  Winter and spring have lowest average pollutant concentrations because of dilution.
6.  Dissolved pollutants are highest during wet weather. This gives rise to a delay in the
pollutograph compared to the hydrograph.
7.  During storm events drain water has higher pollutant concentrations and loads than
for average background flows.
8.  Storm events of higher average rainfall will result in higher pollutant loads, and
storm events of higher intensity will result in higher pollutant concentrations.
9.  The length of time since the last significant rain will affect the amount of pollutants
available for runoff; hence, the longer the dry period, the higher the loads and
concentrations.
10. Winter and spring storm events have significantly lower pollution loads than “first
flush” events in summer or autumn.
5.3  Methods
General aspects of sampling, site selection and methods related to water-quality analysis
were discussed in Chapter 3.  Water discharge and flow measurements have been
presented in Chapter 4.
This study concentrated on stormwater — the characteristics of which were compared
to two sets of guidelines:
1.  recommended water-quality standards for Herdsman lake listing concentrations of
pollutants  acceptable for freshwater ecosystems (Clark et al., 1993); and
2.  general guidelines focusing on trigger values (ANZECC, 1992).
Attention was given to pH, conductivity, total suspended solids, nutrients and heavy
metals (e.g. lead, cadmium, zinc and copper).
A number of sampling methods have been used to assess stormwater quality in the past.
They range from street sweeping, flushing and in-stream sampling to sampling up- and
down-stream of stormwater outfalls (Licsko et al., 1993).81
There appears to be little agreement as to whether loads, concentrations or event mean
concentrations (EMC) of pollutants should be reported.  For example, Lee and
Jones-Lee (1993) recommend evaluation of pollutant loads as the only way to assess
stormwater impacts; whereas, the US EPA (1993) stipulates that event mean
concentrations should be measured.  Concentrations are more important for small
upstream catchment sections, whilst loads are critical in assessing downstream impacts
(House et al., 1993).  Relying on concentration data collected during peak of storm
event can lead to a false picture of the risks that urban runoff poses to receiving water.
It is important to focus on sources of pollutants that are bioavailable, rather than general
forms of water (Lee and Jones-Lee, 1993).  Concentrations, event mean concentrations
and loads are reported in this study.
Data were grouped into seasonal subsets for comparison; i.e. three-monthly periods
starting in January.  (The seasons were defined in Chapter 3.)  Runoff concentrations of
total suspended solids and nutrients were multiplied by flow volume during the
sampling interval to estimate loads.  Results were divided by the area of subcatchment
to provide area-proportional discharge.  Average, rather than summed, loads and
discharge values are reported for seasons and storm events.  Pollutant concentrations
were multiplied by the flow to obtain flow-weighted concentrations.  Data have been
also processed to calculate pollutant loads over time flowing through each sampling
station, loads over time per surface area of the subcatchment, and loads proportional to
the amount of rain during storm events.  The subcatchments for each sampling site were
described in Chapter 3.  Runoff coefficients for storm events were calculated for each
subcatchment.
For comparative purposes Redfield N:P ratios were calculated and compared these with
Redfiled ratios calculated for phytoplankton growth.  The ratio of TN:TP has also been
used by Davis et al.(1993) in the study of wetlands on the Swan Coastal Plain.
Class intervals for histograms were chosen between one-quarter and one-half of the
standard deviation of the data (McBean and Rovers, 1998).  The range of rainfall-runoff
coefficients reported by Weeks (1981) — 0.5 for light industrial area and 0.2 for low
density residential areas — were used to calculate average loads, for comparison with
other studies.82
5.3.1  Automated sampling of water quality during storm events
Automatic ISCO 1680 water samplers, model 1680, were used during wet weather
sampling (ISCO, 1978).  These collected representative samples from flowing water.
The sampler operating environment is 0–49°C, which covered the conditions
encountered during this study.  The sampler used in this study was designed to collect
up to 28 separate sequential samples of a predetermined volume.  All samples were
collected on a time-proportional basis using an internal clock.  Most were collected at
40- or 60-minute intervals using the constant time–constant volume method (US EPA,
1993).  This sampling scheme represented a balance between the average storm duration
of about 4–6 hours, the number of containers and their volume (0.46 L).
Samplers were mounted in the field shortly before storm events.  They were each
housed in a 200 L drum.  The suction line was placed in the drain.  A piece of floating
wood was attached to the end of the line to ensure that the end always remained in the
water (about 5 cm beneath the water surface) and was secured to the star picket in the
centre of the drain.  Crushed ice was placed in the centre of the base of sampler, so that
the temperature of the samples was approximately 4°C.  Timers were manually set on a
time-delay function for the first sample and checked after 1–2 hours.  All automatic
sampler parts were washed before each sampling session.  Tubing was rinsed with
distilled water and replaced periodically to avoid mould, algae and bacterial growth.
Sample containers were washed with detergent and diluted hydrochloric acid (10%
HCl), rinsed in tap water and then rinsed twice with double-distilled, dionised water
before use.  All containers were covered with lids until sampling commenced.  The first
sample bottle was always filled with deionised water to act as a field blank and to verify
the accuracy of analytical results.
Once samples had been collected, ice was topped up in the sampler tub, and the samples
were transported to the laboratory.  The water was then filtered (except for total
nitrogen and total phosphorus), put into whirlpaks, and frozen until analysis.
Several problems were encountered.  Some sites were vandalised, sample bottles were
stolen, and equipment was damaged.  On other occasions, the suction line was removed
from the drain.  This was the most exposed part of equipment, and little could be done
to prevent this, apart from building very expensive housings for the equipment on the
side of the drain.  On one occasion, the sampler pump required repair.83
5.3.2  Groundwater
There are approximately twenty monitoring and 100 domestic bores in the catchment of
Herdsman Lake.  Although water levels are recorded monthly, water-quality data are
very sparse.  Only one to two water quality samples were available for most of the
monitoring bores.  Data from nine monitoring bores within the catchment was obtained
from the Water Corporation of Western Australia.
5.3.3  Evaluation of wetland performance
Methods outlined by DLWC (1998), Kadlec and Knight (1996) and Reed, et al. (1995)
were used to evaluate the performance of the lake system in removing pollutants from
incoming water.  This was done by first calculating the area of wetland required to
reduce the pollutant concentrations in water flowing in to background effluent
concentrations measured during the study.  Second, the area of wetland was calculated
using pollutant concentrations specified by ANZECC (1992) guidelines for receiving
waters.  Third, effluent concentrations were calculated using the methods of Kadlec and
Knight (1996) and Reed et al. (1995) using wetland parameters: size, average depth,
average porosity of the bed and temperature.
The methods by Kadlec and Knight (1996) and Reed et al. (1995) use first-order plug
kinetic models to calculate the area of wetland required for treatment.  The main
difference between the methods is the choice of rate constant for pollutant removal.
Kadlec and Knight (1996) assume that the rate constant is related only to the surface
area of the lake and to constant temperature; whereas, the Reed et al. (1995) model uses
volumetric, temperature-dependant equations (average temperature).  A known
weakness of Kadlec and Knight’s (1996) methods occurs when the effluent
concentration approaches the minimum pollutant concentration. In that case, the area of
treatment increases exponentially.  The Reed et al. (1995) method may be considered
more accurate and more flexible as it allows for temperature input in the calculations.
All calculations were based on a range of influent concentrations and flow rates
measured during the study.
The following parameters were used in the evaluation:
1.  the existing lake size: 72 ha;
2.  the average depth of the wetland: 1.5 m;84
3.  the average water temperature: 15°C;
4.  the average porosity of the bed: 0.65 (65%); and
5.  the range of flow rates: 0.9–0.1 m
3/s.
Calculations using the method of Reed et al. (1995) were for the worst-case scenario;
hence, the value for the lake’s depth corresponds to some of the lowest levels recorded
and water temperature corresponds to winter months.
5.3.4  The method of Kadlec and Knight (1996)
The following equation (Kadlec and Knight, 1996) was used to calculate lake area
needed for pollutant treatment:
A =
365*Q
k
ln(
ci - c*
ce- c * )
where:
A =   the treatment area of the wetland (m
2);
Q =   the average flow rate through the wetland (m
3/d);
k  =   the first-order areal rate constant (m/yr);
ci  =   the influent pollutant concentration (mg/L);
ce  =   the target effluent pollutant concentration (mg/L); and
c* =   the background pollutant concentration (mg/L).
In the first instance, effluent pollutant concentration was set nearly equal to the
background concentration. Later, these calculations were repeated with effluent and
background concentrations set to ANZECC (1992) water-quality guidelines for coastal
waters.
The following preliminary values of the first-order areal rate constant (k) were used:
TSS TP TN Org N NH4-N NOx-N
k20 (m/yr) 1000 12 22 17 18 35
In addition, a series of values for k (the first-order areal rate constant) were calculated
using influent and effluent concentrations measured during this study.  These were
compared to calculations where effluent and background concentrations were set to
ANZECC (1992) water-quality guidelines.
The following equation was used to determine k:85
k = -q*ln(
ce - c*
ci- c *
)
where q is the hydraulic loading rate (m/yr).
5.3.5  The method of Reed, Crites and Middlebrooks (1995)
The following equations were used to calculate the area of wetland for removal of NH4
and NOx:
As =
Q*ln(ci/ce)
KT *y *n
where:
As =  the treatment area of wetland (m
2);
Q  =  the average flow rate through wetland (m
3/d);
c
i =  the influent pollutant concentration (mg/L);
c
e =  the effluent pollutant concentration (mg/L);
KT =  the rate constant at temperature Tw (d–1);
y =  the depth of wetland (m); and
n =  the porosity.
The following equation was used to determine the effluent concentration for total
phosphorus:
ce =ci*e
(-Kp/ HLR)
where:
ce =  the effluent pollutant concentration (mg/L);
ci =  the influent pollutant concentration (mg/L);
Kp =  the first order phosphorus reaction rate constant (2.73 cm/d);
HLR =  the  average hydraulic loading rate (cm/d); HLR=
100*Q
As
As =  the treatment area of wetland (m
2); and
Q =  average flow rate through wetland (m
3/d).
The following equation was used to determine the effluent concentration for total
suspended solids:
ce =ci*(0.1196 +0.00213*HLR)
where:
ce =  the effluent pollutant concentration (mg/L);86
ci =  the influent pollutant concentration (mg/L); and
HLR =  the average hydraulic loading rate (cm/d).
The following ANZECC (1992) concentrations for coastal waters were used:
TSS TP TN Org N NH4-N NOx-N
Limit (µg/L)
2.8*. 5-50 100 n.a. 5 10-60
* ANZECC guidelines do not stipulate recommended concentrations for TSS. The value
of 2.8 mg/L corresponds to the average effluent concentrations measured during the study.
5.4  Results
Except for pH and conductivity, water in the drains did not meet the water quality
standards for freshwater wetlands or coastal waters (Table 17).  Depending on the
pollutant, the highest pollutant load was in spring or winter.  Sites 3 and 5 contributed
the majority of the suspended solids and nutrients.
Conductivity and pH were very different in water flowing in compared to water flowing
out of the wetland. On average, they were higher in the exit drain water compared to
water flowing in.
The wetland and the system of drains worked very efficiently as a stormwater pollutant
retention basin.  This was especially the case with total suspended solids (TKN and TP).
The wetland appeared to contribute dissolved forms of nutrients such as ammonia,
nitrite/nitrate and orthophosphate.
Variations in the loads and concentrations of suspended sediments and nutrients could
only partly be explained by rainfall.  In 1992, when rainfall was higher than average, the
loads and concentrations of most dissolved forms of pollutants were higher than in
1993.  In 1993, when rainfall was below average, all dissolved forms of nutrients except
ammonia and TKN were higher than in 1992.
Similar observations were made during storm events.  Most of the time stormwater
quality was site (or catchment) specific.  A longer time interval between storms did not,
as a rule, result in higher pollutant loads or concentrations.  Winter and spring were not
the seasons of lowest average nutrient concentrations.87
Table 17: Comparison of data measured during the research program
1992–93 and water-quality criteria for freshwater wetlands
and coastal waters proposed by Davis et al., (1993) and
ANZECC (1992).
Parameter Water quality
standard for
freshwater wetlands
Water quality
standard for
coastal
waters*
Range of
values
recorded
during the
study
Average
values
recorded
during the
study
pH 6.5- 9.0 8.1-8.4 4.9-9.6 7.5
Salinity
Conductivity
Suspended
particulate matter
(TSS)
TDS < 1000 mg/L
< 250 mS/m
<10% change
seasonal mean
concentration
No data
No data
TDS 0-852
30-1420
0.1-520 mg/L
TDS 432
720
12mg/L
Nutrients (µg/L):
Total phosphorus TP
PO4-P
Total nitrogen TN
NO3-N
NH4-N
<50
<500
<55
1-10
<350
10-60
<5
20-3364
7-273
354-10002
20-6650
11-4160
223
41
4377
2872
610
Oil and
petrochemicals
any quantity
undesirable
any quantity
undesirable
Frequently
observed
*  Concentrations recommended for coastal waters are interim trigger values that are
variable between ecosystems (ANZECC, 1992)
5.4.1  Physico-chemical parameters
Temperature
The highest mean temperatures were in summer, the lowest in winter.  Temperatures
were similar in spring and autumn, but differences between the sites were higher in
spring than autumn (Figure 28).  On average, the shallow, exposed sites (1 and 6) were
warmest.  The maximum temperature was 29.3
oC in summer at the outflow site,
compared with the average for all drains of 24.9
oC.  In summer, site 2 was usually the
warmest, possibly because there was little shade along the drain.
The water at the ocean discharge site was usually cooler by 1
oC than water leaving the
lake (Figure 28).88
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Figure 28: Mean monthly temperatures at all sites 1992–93.
pH
The pH values recorded at all sites were highest in winter and lowest in autumn (Figure
29).  The largest differences between the sites were in winter and lowest in autumn,
reflecting the rainfall pattern.
The highest pH was at site 1, reflecting alkaline inputs from stormwater and slightly
acidic groundwater.  The smallest fluctuations were in summer at site 1, when input
from runoff was lowest.  The lowest average pH was at site 1.  Except spring 1992 and
winter 1993, water leaving the lake had consistently higher pH than the average
combined pH from sites 3, 5 and 6, which supported hypothesis 1 (section 5.1).  Water
at the ocean discharge had a higher pH than in the exit drain (site 4) (Figure 29).89
Figure 29: The average monthly pH in the drain water at the sites
(1992–93).
Conductivity and total dissolved solids
Water at all the sites was usually in the conductivity range of fresh water (i.e. less than
500 mg/L of salt) and was higher in 1992 than in 1993 (Figure 30).  There were
seasonal fluctuations in conductivity, with the lowest values recorded in winter and the
highest in summer and autumn (Figure 30).  Water leaving the lake had the highest
conductivity and site 5 the lowest. Conductivity decreased even during short storm
events.  For example, at site 5, conductivity fell from 0.7 before to 0.05 during the first
10 minutes of rain.  At the same time, pH increased markedly.
There were large differences between sites.  Conductivity in the outlet drain always
exceeded the average for water in drains at site 3, 5 and 6 thus supporting hypothesis 1
(section 5.1).
When rainfall was higher, the TDS load was higher at all sites in 1992, (except 5)
compared to 1993.  The highest load of total dissolved solids was at site 6, on the
eastern side of the lake.  On average, 200 mg/s/ha flowed from this subcatchment.  The
smallest average load was at sites 1 and 2.  The highest discharge of TDS for site 6 and
most other sites occurred in summer and spring.  The site 3 subcatchment made the90
second largest contribution to the TDS runoff.  The site at the exit drain had a lower
load than the average combined in-flows.  Similarly, the control site at the ocean outfall
had a lower load than the lake outlet drain.
Figure 30: The average monthly conductivity in the drain water at the
sites (1992–93).
Total suspended solids (TSS)
Data for total suspended concentrations were positively skewed (i.e. a non-normal
distribution) and single mode (Figure 31). Over 85% of samples were within the
recommended “10% of change from the seasonal means” (ANZECC, 1992).
Approximately 84% of samples were in the “less than 10 mg/L” category, and 90%
were under 20 mg/L.  Heavier fractions of TSS were more common at influent sites
than at the site flowing out, and more frequent during storms than in baseflow.
Average flow-weighted concentrations of TSS were higher in 1992 when rainfall was
higher, and highest at site 2.  This supports the hypothesis 3 (section 5.1).  In 1993, the
concentrations were highest in winter at site 3.  The concentrations and loads were
generally much higher (at least 20%) during storm events than for background flow,
supporting hypothesis 7.91
Figure 31: Frequency-of-occurrence histogram of total suspended
solids concentrations for all data.
The subcatchments of sites 2 and 5 provided the highest loads of total suspended solids.
The average seasonal peak was in spring at site 2 and in winter at site 5 (Figure 32).
Sites 1 and 10 had the lowest loads.  Site 4 at the exit drain had some of the lowest
average loads of TSS, indicating that a lot of particulate matter was retained by the
wetland, supporting hypothesis 2 (section 5.1).  The average flow-weighted
concentrations were much higher in water flowing into, than out of, the lake, with the
exception of concentrations recorded in summer 1992.
On average, 96% of suspended solids were retained in the wetland system. During
storms, this decreased to 94%. The lowest retention rate was in summer, when
significant amounts of algal material (phytoplankton and filamentous material) were
observed floating out of the wetland through drains.92
Figure 32: The average seasonal total suspended solids in the drain
water at all sites 1992-1993.
5.4.2  Nutrients
Phosphorus
Organic phosphorus was the dominant form of phosphorus (approximately 60%).  The
total phosphorus load was on, average, higher in 1992; the dissolved form higher in
1993.  The lake retained approximately 96% of phosphorus (as TP), which supports
hypothesis 2 (section 5.1).
Total Phosphorus (TP)
The most frequently measured concentration was in the range 100–150 µg/L. Data at
most sites had a single mode and were positively skewed (i.e. non-normal), except at
site 5 which was bi-modal (Figure 33). Over 40% of the samples had TP concentrations
of 50–100 µg/L.  Only 12% of all measured concentrations were below the acceptable
limit of 50 µg/L.93
Figure 33: The frequency-of–occurrence histogram of total phosphorus
concentrations for all data.
The average flow-weighted concentrations of TP were higher in 1993 than in 1992, with
peaks in 1992 at site 2 in spring and site 4 in summer.  In 1993 the highest TP
concentrations were in winter at site 3.
Site 3 also had the highest average seasonal load of total phosphorus (except in winter
1993); sites 1 and 4 had the lowest.  In 1992 the highest average loads were measured in
spring and summer, but in 1993 they were in winter and summer (Figure 34).  Based on
all data, TP load was on average higher in 1993 than 1992 except for site 1.  This
average load was 2 to 6 times higher in 1993 than 1992 (especially at site 3).  At site 5
and control site 10, the average TP loads were very similar in 1992 and 1993.
TP loads measured on filtered samples showed clearer patterns than total phosphorus.
Highest average loads were at site 5, with highest loads in summer and spring.  Loads in
1992 were much higher (up to 4 times) than in 1993, which supports hypothesis 4
(section 5.1).94
Figure 34: The average seasonal total phosphorus load in the drain
water at all sites (1992–93).
Organic phosphorus
In relation to hypothesis 3 (section 5.1), the average concentrations of organic
phosphorus were higher in 1993 than in 1992 and were highest in winter, supporting
hypothesis 6.  The highest average was at site 2 in winter 1993 — six times higher than
winter 1993.
Average organic phosphorus load was highest in winter and higher in 1993 than 1992,
which is contrary to hypothesis 5.  In 1992 the highest average load was at site 6, and in
1993 at sites 2 and 5 — approximately five time higher than the loads in 1992.
Orthophosphate
Average concentrations were higher in 1992, with peaks in summer and autumn at site 3
which supports hypothesis 3 (section 5.1).  Site 4 had the second highest concentrations
in winter 1993.
At most sites, orthophosphate loads were highest in winter or spring (sites 2, 4, 5 and 6)
though at sites 1 and 3 were highest in summer.  On average, loads were higher in 1992
than in 1993, supporting hypothesis 3.  The load at site 4 exit drain) was consistently
lower than the sum of the input drains.  Although orthophosphate loads were highest in
winter, the highest flow weighted concentrations were in autumn, following an algal
bloom in the lake.95
Nitrogen
Nitrite/nitrate was the dominant form of inorganic nitrogen.  Data distribution for total
nitrogen was non-normal and positively skewed (Figure 35).  Only 1% of samples
complied with the recommended water-quality guideline (ANZECC, 1992).  The most
frequently measured concentrations (30% of observations) for TN were 4,500 to
5,000 µg/L.  Over 50% of samples analysed for TKN had concentrations between 1,000
and 1,500 µg/L.  Subcatchment 3 had the highest average load of total nitrogen
(2,081 µg/s/ha), followed by subcatchments 6 and 2.
Figure 35: The frequency-of-occurrence histogram of total nitrogen
concentrations for all data.
Total Nitrogen
Concentrations of total nitrogen were on average higher in 1993 than in 1992,
supporting hypothesis 3 (section 5.1).  The highest concentrations were at site 3 in
spring 1992 and winter in 1993.  The second highest concentrations were at site 4 and 2.
Most total nitrogen was particulate.  Regarding hypothesis 4, average seasonal loads
were higher in 1992 than 1993.  Highest loads occurred in winter and spring.  Typically,
the highest average loads were at site 6 in 1992 and site 3 in 1993.  Approximately 84%
of TN remained in the lake, which supports hypothesis 2.
Total Kjeldahl Nitrogen (TKN)
The average concentrations of TKN were slightly higher in 1992 than in 1993.  In 1992,
there were peaks in summer and autumn (site 3 and 4).  In 1993 the highest
concentrations were in winter and summer at sites 2, 3 and 4.96
Site 5 subcatchment contributed most TKN on a per-unit-of-surface-area basis, although
subcatchment 3 had the highest average flow-weighted concentrations.  At site 5,
seasonal peaks in TKN were in spring (average of 4,356 µg/s/ha), followed by summer.
The seasonal pattern of TKN load was different for other subcatchments.  At sites 3, 4
and 6 the maximum load was in summer, possibly because of algal blooms, which were
often observed in drains and the lake from late spring to autumn (Figure 36).  Site 2 and
10 had the largest loads in winter, and site 1 had similarly high load in spring and
summer.  Typically, 91% of the TKN was retained by the wetland.
Figure 36: The average seasonal total Kjeldahl nitrogen load in the drain
water at all sites (1992–93).
Nitrate
Average nitrate/nitrite concentrations were highest during the wet season, and higher in
1993 than 1992.  Sites 3 and 2 had the highest concentrations in 1992; and sites 2, 3 and
4 in 1993.
The highest seasonal concentrations of nitrite/nitrate were in winter and spring, and
average loads were higher in 1992 than 1993.  The highest average loads were at sites 6
and 3.  Average flow weighted concentrations were highest at site 3, and lower up and
downstream from this site.  Average seasonal loads were higher in 1992 than 1993.97
Organic N
Average concentrations were higher in 1992 than in 1993.  There were peaks in the wet
season at sites 3 and 4.  Concentrations were higher at site 3 in winter and spring 1992
and higher in autumn 1992 and at site 4.
Average seasonal loads were generally higher in 1992 than 1993 (except in winter).
The highest loads were in winter and spring.  During winter 1993 average loads were up
to four times higher than in 1992 (at site 5).  Average loads were lowest at sites 1 and 4.
Ammonia
Site 3 had the highest flow weighted concentration and in 1992 concentrations were
typically 5 times higher than in 1993.  Highest concentrations were mostly in summer
and autumn.  Site 4 had the second highest concentration, with a peak in winter 1993.
Concentrations at site 4 were higher in 1993 than 1992.
Site 3 had also the highest average load of ammonia.  This was generally in summer or
autumn.  The highest concentrations of NH4 occurred in 1992.
Nutrient Limitation
As noted in the introduction, N:P ratios were calculated for comparative purposes.  On
this basis water could be considered to be phosphorus limited if the minimum annual
TN:TP ratio exceeded 17 and nitrogen limited if it was less than 10 (in terms of the
ability to support phytoplankton growth) (Davis et al., 1993).  On this basis, water at
sites 1, 2, 3 and 4 could be considered phosphorus limited; sites 5 and 6 nitrogen
limited.
5.4.3  Storm events and background flows
Suspended solids, nutrient concentrations and loads were higher during storm events
than background flow which is consistent with hypothesis 7 (section 5.1). During
storms, the lake retained 91–96% of suspended solids and total phosphorus.
The concentrations of flow-weighted TSS and nutrients were generally highest at large
drains (sites 2 and 3). Loads were highest at sites draining small subcatchments, with
high proportions of impervious areas (site 5 and 6).  The range of average annual loads
was similar to that reported by Lawrence and Breen (1998) for the Australian Capital
Territory (Table 18).  Loads during storm events were much higher than reported by98
Lawrence and Breen (1998).  Pollutant load was not always proportional to runoff
volume (Table 20).  Usually, the first 50% of rain removed only 20–25% of suspended
solids and nutrients.  This delay was not observed at the exit drain.
An initial flush was observed mostly at sites with smaller subcatchments (sites 2, 5 and
6) and it was more pronounced during intensive storms with a longer dry period
preceding the rain.  The initial flush of particulate-associated pollutants was higher than
for dissolved forms.  During the storm in February 1993, at site 3 the first 28% of runoff
exported 35% of TKN, 30% of TP and only 25% of TSS; but the first 40% of runoff
removed 64% of TKN, 50% of TP and TSS.  At site 4, the initial flush was rarely
observed, but was generally higher for TP than TKN and only in June and November
1992.
Table 18: Mean annual exports compared with data for urban areas
from Lawrence and Breen (1998).  Data are in kg/km
2/year.
Parameter Average Min Max
Average percentage of
pollutants retained by
the wetland
Range of values for urban
areas after Lawrence and
Breen (1998)
TSS 15833 552 46079 96.4% 10000-30000
TP 366 40 1002 96.2% 70-100
TN 3536 1730 6566 84.0% 400-1500
TKN 2819 558 8274 90.7% 400-150099
Table 19: Average import and export of suspended solids and nutrients
at the Herdsman Lake system during four storm events.
Import included mass entering by water at sites 3, 5 and 6.
All data has been converted to kg per day.
Pollutant In
kg/day
Out
kg/day
What is
remaining
kg/day
Retained
%
TSS - - - -
storm 11/06/92
storm 17/11/92 160.9 38.8 122.2 75.9
storm 06/02/93 838.6 344.2 494.4 59.0
storm 04/08/93 2991.6 472.6 2519.0 84.2
TP
storm 11/06/92 9.0 3.5 5.6 61.7
storm 17/11/92 7.7 4.0 3.6 47.4
storm 06/02/93 61.2 17.4 43.9 71.6
storm 04/08/93 125.4 12.0 113.4 90.4
TKN
storm 11/06/92 147.9 71.2 76.7 51.8
storm 17/11/92 249.7 75.4 174.3 69.8
storm 06/02/93 364.7 273.1 91.5 25.1
storm 04/08/93 283.5 207.4 76.2 26.9
Table 20: An example of storm event parameters for site 3.
Storm
event
Rain
volume
[mm]
Rain
intensity
[mm/h]
Number of
dry days
prior to
storm
event
Total
discharge
[m
3]
Total mass
of TSS
[kg]
Total mass
of TP [kg]
Total mass
TKN [kg]
June
1992
50.8 2.2 10 840 - 4.4 78.2
November
1992
7.8 2.8 4 880 50.7 4.1 192.4
February
1993
32.0 5.5 75 849 484.8 34.5 215.4
August
1993
16.8 12.0 3 775 1801.8 75.0 141.6
Flow-weighted concentrations
The average total-suspended-solids concentrations during background sampling were
approximately four times lower than during rain events (Figure 37).  The average
background concentrations of TSS, TP and TKN were higher in 1992 than in 1993. The100
water flowing into the lake had higher concentrations (approximately three times
higher) than the average concentrations in water flowing out.
The average flow-weighted suspended solids concentrations were highest at site 2
during winter storms (July 1992 and August 1993) and lowest at sites 6 and 5 during all
monitored storms.  The total phosphorus was highest at sites 3 and 2 in the winter
(August 1993) rain event.  The concentrations of TKN in February 1993 and August
1993 were highest at sites 3, 4 and 2.  TKN concentrations during a summer storms
were very high at site 4 — on average, only 10% less than the incoming water from site
3 and up to eight times higher than incoming water from sites 5 and 6.  During a winter
storm (August 1993), TP at site 3 was on average five times higher than at site 4;
whereas, TKN concentrations were usually only 20–30% lower at site 4 compared to
site 3 (Figure 38).  Typically, TP concentrations would peak 1–3 hours before TKN
(Figure 38).
Flow-weighted concentrations normalised by the total amount of rain
The highest concentrations of TSS, TP and TKN expressed per mm of rain occurred
during rain events in spring (November 1992) and winter (August 1993).  Contrary to
expectations, there was no clear relationship between rainfall, rain intensity, the number
of days since last rain and the type of pollutant measured.  Each site had a peak during a
different storm event.  TSS was highest at site 2 during spring rain (November 1992).
Total phosphorus was highest at site 3 during winter August 1993 rain.  TKN was
highest at site 3 in November 1992, and second highest at sites 2, 3 and 4 in August
1993.  Large drains carrying large amounts of water had the highest concentrations of
nutrients in November 1992 and August 1993 rain.  Although the June 1992 rain event
had the highest rainfall and lowest rain intensity, it generated — on average — the
lowest flow-weighted concentrations.  The storm in August 1993 (which had the highest
intensity) resulted in higher peaks of TP at sites 2, 3 and 4 compared to other storms.101
Figure 37: The average flow-weighted TSS during storm events and in
background flow.
Figure 38: Total phosphorus and total Kjehdal nitrogen flow weighted
concentrations at the main drain flowing in (site 3) and the
outlet drain (site 4) during winter 1993 storm event.
Loads
The average loads of TSS and nutrients were 20–30 times higher during storm events
than during background sampling.  The exceptions were two shallow sites (1 and 5).
The average background loads of TSS and TKN were higher in 1992 than 1993.102
Background TP was higher in 1993 than 1992.  The TSS loads were lower in water
flowing out than the average of loads at sites flowing into the lake — generally 5–10
times higher.  The highest average TSS load was at site 2 in a winter (June 1992) storm
that had the highest total rainfall.
The average total phosphorus load during storm events was highest in winter (August
1993) at site 3.  During other storm events, the highest average load of TP was at sites 5
and 6.  The storm event of June 1992 produced the lowest average load of TP, even
though it had the highest rainfall.  Smaller subcatchments (site 5 and 6) had, on average,
higher TP loads in spring and summer; whereas, larger subcatchments had the highest
average TP load in the storm event in winter (August 1993).
The pattern of TKN load was similar to that of TP, except for the storm event in August
1993 when the highest average load of TKN was at site 5.  Site 6 was next most
important in TKN loads.  During August 1993, highest TKN loads were at sites 2 and 6.
There was no clear relationship between the amount of rain, rain intensity and the
duration of the dry period before storm event and loads.  During a summer storm event
that occurred 75 days after the last rain, highest loads were from smallest, most
urbanised subcatchments.  Rain intensity seemed to be most important at sites with
highest average flow (2 and 3), and it mostly influenced the load of suspended solids
and total phosphorus but not TKN.  The nitrogen load depended more on the number of
days since last rain.
A typical rain event in spring 1992 (which had only 7.8 mm of rain, 2.78 mm/h
intensity and 4 days since the last rain) produced the highest loads of TSS, TP and TKN
at most sites.
Average loads normalised by total amount of rain
A spring storm event in November 1992 resulted in the highest TSS load (site 2 and 5).
A winter storm in August 1993 produced the highest average load of TSS at sites 3 and
6.  TP and TKN load was highest in spring at site 5; in winter at sites 2, 3 and 4 and in
summer at site 6.  Although it was expected that rainfall amount and intensity would
correlate with pollutant concentrations and loads, that happened only at some sites.  A
summer storm event had the longest dry period before rain and highest rain intensity yet
did not result in very high concentrations for most pollutants, compared to other storms.103
5.4.4  Correlations between measured parameters
Simple correlations were generally higher in winter than summer. They were highly
variable between sites  (Table 21).  Although some correlation coefficients were high,
they were not consistent within and between sites and would generally be of little
diagnostic or predictive value.  Correlations between total suspended solids and nutrient
concentrations (TP and TKN) were much higher and consistent at all sites during storm
events (Table 22). Similarly, correlations between TP and TKN were much stronger
during storm events.104
Table 21: Simple correlation coefficients between concentrations of
selected parameters at all sites in 1992 and 1993.
Site 1 Site 2 Site 3 Site 4 Site 5 Site 6
1992
TSS*TP l
TSS*TN m r
TSS*TKN s
TP*TN s r
TP*TKN s r l s
1993
TSS*TP l l l l
TSS*TN m r
TSS*TKN s l
TP*TN r s
TP*TKN l l l
Correlation coefficient: 
l:1.0-0.75 s: 0.75-0.5
m:(-1.0)- (-0.75) r:(-0.75)- (-0.5)
Table 22: Simple correlation coefficients between concentrations of
selected parameters at all sites during storm events.
Storm event parameters Site 1 Site 2 Site 3 Site 4 Site 5 Site 6
June 1992 TSS*TP
TSS*TKN
TP*TKN
￿
￿
p p
p
November
1992
TSS*TP
TSS*TKN
TP*TKN
￿
￿
￿
p
p
p
￿
p
p
p
￿ ￿
February
1993
TSS*TP
TSS*TKN
TP*TKN
￿
￿
p
￿
p
p
￿
￿
￿
￿
￿
￿
p
￿
August 1993 TSS*TP
TSS*TKN
TP*TKN
￿
￿
p
￿
r
r
￿
￿
￿
￿
￿
￿
Correlation coefficient: 
￿:1.0-0.75 p: 0.75-0.5
￿:(-1.0)- (-0.75) r:(-0.75)- (-0.5)105
5.4.5  Mass balance
Seasonal, average flow-weighted concentrations in water entering the lake were higher
than in water leaving the lake (i.e. there were higher pollutant concentrations in water
entering, than leaving) for all pollutants except some dissolved forms.  The losses of
dissolved forms of nutrients were higher than gains especially during high-flow periods
(winter and spring) TDS for example. There was a very high excess of inflows in spring
1992, except ammonia, which peaked in autumn 1992 (Figure 39, Figure 40 and Figure
41).  The lake retained most of the pollutants entering the lake, especially in particulate
form.
Physical parameters
Losses exceeded gains for total suspended solids only in summer 1992.  The mass was
usually composed of plant material (algae).  The losses of total dissolved solids were
higher than gains during most of 1993, except summer.  On average, 393 tonnes of
suspended solids entered the wetland system every year (Table 23).  During storm
events this was typically 20% higher (Table 19 and Table 23).
Table 23: A comparison of annual average import and export of
suspended solids and nutrients at Herdsman Lake
stormwater drain system in 1992–93.
Pollutant In
t/year
Out
t/year
1992 all data
TSS 65.20 89.92
TP 3.40 1.32
TN 151.76 63.69
TKN 71.09 26.12
1993 all data
TSS 473.40 100.43
TP 22.75 4.05
TN 164.62 101.28
TKN 94.52 69.65
Average load during storms
TSS 493.4 90.4
TP 18.7 3.3
TN
TKN 98.1 55.9106
(a) 
(b) 
Figure 39: The balance of average seasonal flow-weighted loads of TSS
(a) and TDS (b) at Herdsman Lake 1992–93.  Positive values
indicate higher inflows than outflows.  Note different vertical
scale on the graphs.107
(a) PO4
(b) P org
(c) TP filtered
(d) TP
Figure 40: The balance of average seasonal flow weighted loads of (a) orthophosphate, (b) organic phosphorus, (c) TP
filtered and (d) total phosphorus.  Note the different scales on the vertical axes.108
Nutrients
Gains exceeded losses for TP in 1992 and 1993.  The losses were higher than gains for
organic phosphorus only in winter 1992, autumn 1992 and 1993.  The losses of
orthophosphate were higher than gains in spring and autumn 1993.  Nearly 14 tonnes of
total phosphorus entered the lake every year, and only 2.6 tonnes were exported (Table
23).
Apart from organic nitrogen, the gains were higher than losses for all other forms of
nitrogen in 1992 and 1993.  As with organic phosphorus, the losses were higher than
gains for organic nitrogen in autumn 1992 and 1993.
Annually, 66 tonnes of total nitrogen remained in the wetland system — nearly 36
tonnes as TKN.109
(a) NH4
(b) NO3/NO2
(c)N organic (d) TN
Figure 41: The balance of average seasonal flow weighted loads of (a) ammonia, (b) nitrite/nitrate, (c) organic nitrogen
and (d) total nitrogen.  Note the different scales on the vertical axes.110
 Contributions from groundwater
Conductivity at upstream bores was generally low, with the highest conductivity at the
downstream bore (Table 24).  Conductivity of upstream bores was 50–90 mS/m.  All
samples were slightly acidic.  Turbidity was low in all bores, except at two: GM31 and
GM27 (Figure 2) where turbidity exceeded by 2–3 times the guideline of 25 NTU.  The
downstream bore had on average six times the turbidity of the downstream site.  Mean
concentrations of all nutrients were also higher upstream than down, suggesting that the
lake retains much of what was coming in with the groundwater.
Concentrations of all nutrients were above the recommended guidelines for receiving
water (ANZECC, 1992).  Recommended nitrate-nitrite concentrations were exceeded at
half the bores, with concentrations as high as seven times the recommended value
(upstream bore GM28), suggesting a possible source of nitrate to the lake.  Average
concentration of NO3 was 2.5 times above the guideline.  Ammonia concentrations were
generally low, but one of the upstream bores (GM31) had consistently high ammonia
concentrations, exceeding the recommended value more than three times.  Two other
bores, GM31 and GM27, had excessive values of phosphorus — up to eight times too
high.
Groundwater appeared to collect large amounts of organic material as it seeped through
the lake.  Comparison of data from upstream and downstream bores revealed that TKN
was up to five times higher in the downstream bore (Table 24).  The only element, that
the groundwater contributed to the lake was nitrate.  For example, the downstream
concentration of nitrate was nearly three times higher than the upstream bore.
Conductivity of downstream samples was approximately four times higher than at
upstream bores.111
Table 24: The quality of upstream and downstream groundwater
around Herdsman Lake compared to the recommended water
quality criteria. Nutrients are reported as concentrations.
(Data courtesy of Water Corporation of Western Australia.)
Indicator mean of
upstream sites
downstream site Water quality criteria (Clarke et al.,
1990; Davis et al., 1993, ANZECC,
1992)
conductivity µS/cm 796.4 2320.0 <2500.0
pH 6.3 6.4 6.5–9.0
turbidity NTU 24.2 4.2 25.0
NO3+NO2 as N mg/l 5.1 0.1 2.0
NH4 as N mg/l 1.0 0.3 2.0
P total mg/l 0.1 0.1 0.05
TSS mg/l 492.0 1411.0 < 10% change seasonal
mean concentration
5.4.6  Quality at site 10
The flow-weighted concentrations of all pollutants at the control site (site 10) were
always lower (between 20–50% lower) than at the outlet drain (site 4).  The
concentrations of nutrients always exceeded indicative values for coastal waters
(ANZECC, 1992):
·  PO4-P  2–6 times,
·  NO3-N  18–40 times,
·  NH4-N  2–800 times.
5.5  Discussion
It has come as no surprise that no water quality parameters complied with the quality
guidelines (Table 17).  Previous studies of urban stormwater have found this runoff to
be as heavily contaminated as raw sewage (Laws, 1993) (Table 25). It has also been
said that there is no such thing as an “average” water quality for urban stormwater
runoff (House et al., 1993). Urban runoff is highly variable and must be assessed on
location.  Published stormwater quality data can only be used as a guide for planning
purposes.112
Table 25: Concentrations of suspended solids and nutrients in typical
urban runoff, Herdsman Lake drains and raw sewerage
(modified from Laws, 1993, Tilley and Brown, 1998 and AEC,
1988).  Where availbale, range of values is presented, single
value indicates an average.
Pollutant
[mgL
-1]
Raw
sewage
Secondary
effluent
(Baker,
1992)
Cornbelt
cropland
(Baker, 1992)
Typical
Urban Runoff
Concentrations
Herdsman
Lake drains
Total
Suspended
Solids
227 10–30 50–1000 150–650 1–520
Total
Phosphorus
1.0 6.8 0.14 0.1–1.5 0.1–3.4
Total Nitrogen 40.0 15.8 4.4 0.5–3.0 0.3–16.6
A summary of the testing of all hypotheses is provided in Table 26.  Conductivity and
pH in the water flowing in were different to the water flowing out.  Most of the
pollutants carried in by stormwater remained in the lake.  Only some pollutant
concentrations and loads were proportional to rainfall, rain intensity or the length of the
antecedent dry period.113
Table 26: Summary of results in relation to the hypotheses in section 5.1.
Hypothesis pH TDS TSS TP orgP PO4 TN TKN NO3 NH4
1.  The pH and conductivity of water in the drain flowing out are
different from those in the input drains.
Y Y – – – – – – – –
2.  A significant proportion of loads, that enter the lake in stormwater
drains, remains in the lake.
– N Y Y Y Y Y Y Y Y
3.  The average seasonal -pollutant concentrations will be inversely
proportional to the level of rainfall.
– Y N Y Y N Y N Y N
4.  The average seasonal-pollutant load will differ in years with
different rainfall and will be proportional to the rainfall.
– Y Y Y N N Y Y Y N
5.  Winter and spring have lowest average pollutant concentrations
because of dilution.
– – N N N Y N Y N N
6.  Dissolved pollutants are highest during wet weather. This gives rise
to a delay in the pollutograph compared to the hydrograph.
– N – – Y N – N Y N
7.  Storm events have higher pollutant concentrations and loads than
average background flows.
– – Y Y – – Y Y – –
8.  Storm events of higher average rainfall will result in higher
pollutant load, and storm events of higher intensity will result in
higher pollutant concentrations.
– – Y Y – – – N – –
9.  The length of time since the last significant rain will affect the
amount of pollutants available for runoff; hence, the longer the dry
period, the higher the loads and concentrations.
– – Y N – – – N – –
10. Winter and spring storm events have significantly lower pollution
loads than “first flush” events in summer or autumn.
– – N N – – – N – –
Y- Hypothesis supported. N- Hypothesis rejected.  – Not applicable/not tested114
5.5.1  Physico-chemical parameters
In relation to hypothesis 1 (Table 26), the pH and conductivity of water flowing out
were different to that of the water flowing in.
Temperature
The water temperature in open drains followed seasonal patterns.  This was similar to
the results of ESRI (1983) and Clarke et al. (1990).  Water temperature at the ocean site
was the coolest of all, probably because the last 2 km section of the drain is buried.  As
expected, sheltered, deep sites were generally cooler than shallow, exposed sites.  Large
differences in temperature between drain and lake water can accelerate mixing and play
an important role in lake stratification.  This is most likely to occur in summer.
Thermal stratification in the lake is significant because it affects the concentrations of
dissolved oxygen in water as well as pH and nutrient concentrations.  Clarke et al.
(1990) found that, due to relatively deep water of the moats (up to 15 m), the lake
becomes stratified between late spring and summer.  In autumn (April) stratification
breaks up and the lake is well mixed in winter (May).  ESRI (1983) and ESRI (1981)
recorded similar results.
Floreat Waters and Popeye Lake have been classified as thermally stable — the most
stable of all 41 wetlands included in a survey of Swan Coastal Plain (Schmidt and
Rosich, 1993).  In the same study, Floreat Waters and Popeye Lake also had a very high
ratio of maximum depth to depth of euphotic zone (1
st and 4
th highest of all 41 wetlands)
which favours algae, as opposed to submerged macrophytes, suggesting that under
appropriate conditions algal blooms are likely (Davis et al., 1993).
pH
Hypothesis 1 (Table 26), was supported by the data.  A relatively high pH at the outlet
drain was due to a higher lake pH compared to water flowing in.  The higher pH at
some sites in summer may be due to higher productivity (Schmidt and Rosich, 1993).
High pH in winter is consistent with high rainfall and runoff from limestone in the
catchment.  Limestone occurs naturally in the catchment, and in addition, a large
number of buildings and fences are built from reconstituted limestone.  High variability
of pH at some sites was consistent with variable rainfall and complex land uses in the
catchment.  As in previous studies (e.g. ESRI, 1983), the water flowing from the lake
had the highest range of pH.115
In comparison to the large pH differences between the sites, seasonal fluctuations were
small — similar to what was reported in previous studies of Herdsman Lake water
quality (Clarke et al., 1990; ESRI, 1983; ESRI, 1981).  The fluctuations in pH
correlated well with rainfall pattern — being lowest in spring and highest in summer
and autumn.  It does not appear that the drains were affecting pH or any biological
processes in the wetland; however, if larger volumes of water with a pH less than 6.5 or
higher than 9.0 were to flow into the lake, then the potential for impacts is high
(ANZECC, 1992).  The main problems would be the increased potential for nutrient and
heavy metal release from the sediments and their increased toxicity; for example,
ammonia or cyanide.
Conductivity
Hypothesis 1 (Table 26) was supported in relation to conductivity.  The lake had a
higher conductivity than water in the input drains, which is consistent with stormwater
being a major source of freshwater to the lake.  Conductivity fluctuations were mostly
attributable to seasonal rainfall patterns.  Some effect of evapoconcentration could be
seen at the outlet drain.  Clarke et al. (1990) and ESRI (1983) reported that the three
moats had very different conductivity.  Floreat Waters, the oldest of the constructed
moats had the highest range in conductivity in summer and lowest in winter and spring.
This is typical of wetlands on the Swan Coastal Plain (Schmidt and Rosich, 1993).  It is
likely that with continuing contribution of drains and effects of evapoconcentration,
Popeye Lake and Powis Lake will have higher conductivity in the future — following
the trend of Floreat Waters.  Hypothesis 2 (Table 26) was rejected, as the conductivity
in the lake was always higher than in the water flowing in.
Leakage to groundwater along the pipe to the ocean may account for lower conductivity
at the ocean pipe compared to water leaving the lake.
Total suspended solids (TSS)
The lake system and the drains within the lake retained most of the suspended particles
(Figure 32), supporting hypothesis 2 (Table 26).  High inputs of particulate matter from
all subcatchments, especially during wet weather, highlight the need for creating
settlement basins for the water flowing in.  Detention basins have been found to have a
removal efficiency for solids of 80–100% (e.g. Lawrence and Breen, 1998).  In fact, as
results from this study show (Table 18), Herdsman Lake serves effectively as a116
settlement basin.  The concentrations of total suspended solids measured in this study
were within the range of previous studies in other localities (Table 27).
Table 27: The annual loads of total suspended solids from commercial
and urban catchments (after Licsko et al., 1993, modified)
Study Annual loads (kg/ha)
Singer (1977), (cited by Licsko
et al., 1993), Canadian study
619–825
Marsalek (1978), Canadian
study
233–388
Licsko et al. (1993), Canadian
study
840–1993
This study 278–687
As for most other urban wetlands, the most likely sources of suspended particulate
matter for Herdsman Lake are diffuse in nature.  The sources can be organic, primarily
from sewage (e.g. illegal dumping from sewerage trucks, seepage from septic tanks or
sewerage pipes) or inorganic — derived from surface runoff; e.g. road, roof runoff or
construction sites.  Some solids could originate from market gardens and large
nurseries.
In relation to hypothesis 3 (Table 26), the average seasonal suspended sediment
concentrations were not inversely related to rainfall.  It appears that, unlike nutrients,
there is a steady supply of the sediment in the catchments and the higher the rainfall, the
higher the concentrations.  Hypothesis 4 (Table 26) was supported, because in higher
rainfall years, higher sediment loads were present.
Hypothesis 5 (Table 26) was rejected.  High loads of suspended solids during winter
storms were due to higher rain intensity and, hence, higher particle mobilisation.  Total
suspended solids are an important measure of urban runoff quality.  Metals, nutrients
and various organic pollutants adsorb onto and are transported with suspended solids.
Sediments may later release nutrients or trace elements back to the water column and
may have chronic as well as long-term impacts on water quality.
In addition to altering the chemistry of receiving waters, suspended solids increase
turbidity, reduce aesthetic properties of the water and decrease light penetration in
water.  This generally reduces growth of aquatic plants except those which float at the117
surface.  If fine particles settle, they cover bottom dwelling organisms and may disrupt
their habitat.
5.5.2  Nutrients
The nutrient sources in urban catchments include point and diffuse sources. Urban
stormwater runoff typically carries 2–3 times more nutrients (especially phosphorus)
than typical industrial runoff (e.g. Kadlec and Knight, 1996). While point sources are
often from sewage overflows and industrial discharges, diffuse sources include animal
waste, fertilizers, domestic detergents and septic tank seepage.  Non-point sources are
the most common and contribute most to the mass of pollutants, but are also the most
difficult to manage, treat and dispose of.
In relation to hypothesis 2 (Table 26), water flowing out had much lower nutrient
concentrations and loads than the water flowing in.  Hypothesis 3 (Table 26) was only
partly supported in relation to dissolved phosphorus.  Total and organic phosphorus
loads were higher during the year with lower rainfall, indicating that dilution by rainfall
is important in concentrations of nutrients and possibly the presence of a constant
source in the catchment.
Phosphorus
Generally higher average concentrations and loads of TP in 1993 supports hypothesis 3
(Table 26).   This could be explained by lower rainfall and hence less dilution.  Except
for phosphate, TP and organic phosphorus, concentrations were higher in winter and
spring compared to summer and autumn, which suggests a constant source of
phosphorus in the catchment (hypothesis 5).  Contrary to hypothesis 10 (Table 26),
winter and spring storm events had higher phosphorus loads than the “first flush” events
in the dry season.
Site 5, which flows directly to Floreat Waters, had some of the highest loads and
concentrations of orthophosphate, clearly one of the factors contributing to poor water
quality in that waterbody, as reported in other studies.  For example, Clarke et al.
(1990) found the highest turbidity, chlorophyll a, TP and PO4 at Floreat Waters; and
Schmidt and Rosich (1993) and ESRI (1981) reported very high concentrations of TP
there.  The total phosphorus at Floreat Waters consisted mostly of organic phosphorus
(probably in algal biomass).  In the past, chlorophyll a concentrations followed a
seasonal cycle, with a bloom in summer through autumn and often winter, collapsing in118
spring (Clarke et al., 1990).  This correlates well with seasonal concentrations and loads
of TP in this study at the perimeter sites 3, 4, 5 and 6.
ESRI (1983) reported the mean total v for all drains to be 214 µg/L (comparable with
223 µg/L in this study), nearly three times the mean TP concentration in the lake.
Although some of the highest phosphorus concentrations were found at sites 2 and 4,
the highest loads were usually at sites draining smallest subcatchments (site 5 and 6).
This is a significant management problem.  Any future improvement in the lake water
quality can only be achieved by diverting or treating the water flowing through these
sites.
The annual export of phosphorus was similar to that of the nearby Jackadder Lake
(50 kg).  Trends in phosphorus inputs were also similar, with major inputs via
stormwater in winter and outflow via the drain in summer (Davies, 1993).
Other studies in Canada, US (Licsko et al., 1993), south-east Australia (Young et
al.,1996) and Western Australia (Tan, 1991) have reported much lower annual loads of
total phosphorus than this study, even for similar catchments.  For example, the
Woodlands catchment located 2 km north west of Herdsman Lake had an annual load of
TP nearly 10 times lower than this study (Tan, 1991) (Table 28).  This is partly due to
the methods used; for example, most studies did not monitor baseflow or there was no
background flow.  In addition, most catchments, such as Woodlands catchment in the
study by Tan (1991) had predominantly residential land use, with no market gardens,
busy roads and light industry, known contributors to high pollution loads.
Table 28: Annual loads of total phosphorus from commercial and urban
catchments (modified from Licsko et al., 1993)
Study Annual loads (kg/ha)
Marsalek (1978),
Canadian study
1.5–3.5
Waller (1980),
Canadian study
1.1
Tan (1991),Perth,
Western Australian
study
0.01–1.5
Licsko et al., 1993)
Canadian study
1.1–1.5
This study:
    all data
    storm events
0.5–10.0
0.5–11.4119
Nitrogen
Hypothesis 2 (Table 26) was accepted since most nitrogen entering the lake by
stormwater drains remained there.  As with phosphorus, average seasonal
concentrations of total nitrogen were inversely proportional to rainfall, and loads were
directly proportional to rainfall.  This supports hypotheses 3 and 4.  Hypothesis 5 was
rejected because no dilution effects were observed during winter and spring.  Whilst
peaks in concentrations and loads in the drains occurred in winter or spring, total
nitrogen measured in previous studies at the lake usually peaked in spring and summer
(Davis et al., 1993).  This could be due to evapoconcentration, drain inputs, and higher
productivity of the lake during warmer weather.  Clarke et al. (1990) also reported that
nitrogen concentrations in the lake varied with season and changed according to
concentrations of chlorophyll a.
In the previous study by Clarke et al. (1990), total nitrogen concentrations (TN) were
highest in late spring at Floreat Waters.  This is consistent with findings in this study; at
site 5, concentrations and loads were some of the highest found.  Anabaena and
Microcystis — typical for a deep, thermally stable lake — with high pH and low CO2
were reported by Schmidt and Rosich (1993) and also observed during this study.
Clarke et al. (1990) found peaks in TKN coinciding with peaks in chlorophyll a at
Floreat Waters and Popeye Lake (mostly as organic nitrogen), though not in Powis
Lake.  At the drain sites, the concentration of TKN was on average higher than in the
lake, as were ammonia and nitrate (Clarke et al., 1990).  The TKN loads in this study
were more than 10 times higher than in a study by Tan (1991) in a nearby catchment
(Table 29).
Table 29: A comparison of annual loads of Total Kjeldahl Nitrogen
(TKN) from commercial and urban catchments.
Study Annual loads (kg/ha)
Tan (1991), Perth,
Western Australian
study
0.6–7.5
This study:
    all data
    storm events
5.6–82.0
6.5–95.7120
During 1985–88, Floreat Waters and Popeye Lake had low and constant concentrations
of nitrate.  There were, however, large seasonal variations at Powis Lake —possibly due
to stirred sediment after dredging (Clarke et al., 1990).
The extremely high average load of ammonia (NH4) at site 3 compared to other sites
suggests a point source (domestic sewage, illegal dumping, horse agistment) between
sites 2 and 3, or the decomposition of organic material such as algae.  There have been a
number of informal reports of septic tank collection trucks illegally dumping waste in
the stormwater drains at the lake.  It is also likely that Jackadder Lake outlet drain,
which connects to Osborne Park Main drain, carries a large load of nutrients.  For
example, Davies (1993) reported very high concentrations of total nitrogen and
phosphorus in the Jackadder Lake outlet drain.
In the past, concentrations of ammonia were low and showed a distinct seasonal cycle.
The lowest coincentration was in summer and autumn, with peaks in winter or spring
(Clarke et al., 1990), and the highest was following the collapse of an algal bloom.  This
was similar to the findings of ESRI (1983), who reported that inorganic nitrogen was
very high and concentrations of ammonia and nitrate exceeded recommended values
(Davis et al., 1993).
All forms of nutrients were present in excessive amounts in the drains flowing into
Herdsman Lake and appear, presently, to be the major contributor to algal blooms.
Nutrient Limitation
Based on N:P ratios, Clarke et al. (1990) inferred that Herdsman Lake was usually
inorganic phosphorus limited, although on a few occasions inorganic nitrogen was the
limiting nutrient.  In this study, water in upstream sites and water leaving the lake was
phosphorus limited.  Water in the smallest subcatchments 5 and 6 was nitrogen limited.
5.5.3  Storm events and background flows
Pollutant loads and concentrations during background flow were lower than during
storm events, which supports hypothesis 7 (Table 26).  This indicates that storm events
are a major threat to water quality in the lake, and that the lake acts as an efficient
pollutant sink.  Lower concentrations of pollutants in the water flowing out are likely to
be due to dilution with lake water, loss to the sediment within the lake and uptake by the
large population of macrophytes.121
There was no clear relationship between the amount of rain, rain intensity and the
duration of the dry period before a storm event.  Hypotheses 8 and 9 were supported in
relation to phosphorus but not nitrogen (Table 26), and catchment conditions seemed to
play a greater role than storm characteristics.  For example, during a summer storm
event, 75 days after the last rain, the highest loads occurred from the smallest, most
urbanised subcatchments.  The effect of rain intensity on loads seemed especially
significant at sites with highest average flow rates (2 and 3).
Clearly, other factors, such as surface condition and activities in the catchment have a
vital role to play on pollutant load.  Rain characteristics and antecedent conditions (e.g.
wetness of the catchment and time since previous rain) alone can not be used to decide
whether drain water should be treated or diverted from the lake.
A very high nutrient load at most inflow sites indicates the presence of high amounts of
pollutants readily available for transport.  The length of the dry period before rain did
not seem to affect pollutant loads during storms, except for phosphorus.  Summer storm
events, although of high intensity had much lower concentrations and loads of
pollutants than winter storms, suggesting that hypothesis 10 has to be rejected (Table
26).  This differs from previous studies, which reported the first flush as transporting a
high proportion of the annual load of the pollutants (for example Klaine et al., 1988;
EPA, 1983).  Past studies did, however, note highly variable characteristics of
stormwater quality and very site specific characteristics (EPA, 1983).  A comparison of
loads during storm events in different seasons (Table 18 and Table 19) confirms
findings by previous workers on high variability in chemical composition (especially
nutrients) of stormwater (House et al., 1993; Dugan, 1981; Bruwer, 1981).
It appears that winter and spring rain events are much more important in pollutant
transport.  This has management implications as summer storms, though unpredictable,
carry less water and could therefore be easier to divert or treat than rains in other
seasons.  In addition, as shown in Chapter 4, in winter there was more water flowing in
to the lake than flowing out; and if lake water levels are to be maintained, the only time
when drain water could be diverted is in autumn, when output exceeds input.
In a study in the USA, first-flush analysis of storm event data in clay soils indicated that
total suspended solids, orthophosphate, ammonia and total Kjeldahl nitrogen migrated
from land faster than would be possible if loss was proportional to the flow (Klaine et
al., 1988).122
5.5.4  Correlations between measured parameters
Whilst some studies (for example Yamada et al., 1993) have reported clear correlations
between storm rainfall parameters and pollutant loads, no clear pattern emerged in this
study.  Previous research indicated the value of finding surrogate parameters for those
chemical analyses, which are both time consuming and costly (Thomson et al., 1997).
For example, if 90% of TP load can be accounted for by measuring total suspended
solids, the cost of the analysis and the need to refrigerate the sample could typically be
reduced by a factor of five.  Since at sites where water enters Herdsman Lake there were
high correlations between TSS and nutrients, it suggests that most nutrients are
transported in suspended sediment load.  Higher correlations between concentrations of
TSS and nutrients also further highlight the need to construct sediment-settling ponds
for drains entering Herdsman Lake.
5.5.5  Mass balance
Despite being a flow-through wetland, at the end of two years of study the Herdsman
Lake system retained most of the incoming sediment and nutrient load (Table 18 and
Table 23). This has major implications for future management of water quality and
maintenance of suitable habitat conditions for the birds that nest there.
5.5.6  Contributions from groundwater
Whilst groundwater quality was poor, the total load and contribution to the lake nutrient
budget from this source was minimal.  In a study of Jackadder Lake, Davies (1993)
monitored a number of wells around the lake.  Groundwater was a minor contributor of
phosphorus (less than 1 kg per year), while Jackadder Lake exported approximately
18 kg of TP per year via the groundwater.  Since Herdsman Lake intercepts the same
body of groundwater, it was assumed that in comparison to surface inputs, groundwater
is a relatively insignificant contributor of pollutants; i.e. less than 1% of total surface
inputs.
The high concentrations of nitrate could be due to the leaching of septic tanks.  The
very high conductivity at downstream, compared to upstream, sites suggests that the
lake contributed to higher conductivity as a consequence of evapoconcentration.123
5.5.7  Quality at site 10
The water quality at the control site always exceeded concentrations appropriate for
protected waters (ANZECC, 1992).  A review might usefully be made of the practice of
dumping untreated stormwater, especially near or within sensitive marine environments
or popular bathing beaches.
5.5.8  How well does the lake function as a pollutant sink?
A number of studies have shown the effectiveness of constructed wetlands in serving
three main functions in the catchment: removing nutrients, trapping sediments and
dampening hydrologic pulses (e.g. Tilley and Brown, 1998; Reed et al.,1995). The
degree of urbanisation and the size of the catchment are very important parameters in
determining the effectiveness of a wetland in performing those functions.  Tilley and
Brown (1998) estimated the wetland area required for processing total phosphorus loads
ranged from 2.3–10.8% of the total catchment, but usually less than 3%.  This is similar
to Herdsman Lake, where 2.2% of the catchment is open water; however, the area
required for total suspended solids treatment was usually 50% more than for processing
TP (Tilley and Brown, 1998).
Calculation of the lake area by the methods of Kadlec and Knight (1996)
and Reed et al. (1995)
Both methods gave similar results for phosphorus and identified it as the pollutant
critical in the wetland design; that is, the pollutant that requires the largest area for
treatment.
When the concentrations measured in this study and generic k value from Kadlec and
Knight (1996) were used, it was found that the current area would have to be up to 24
times larger to reduce influent concentrations to background concentrations (Table 30).
Similar results were obtained using the method by Reed et al. (1995) (Table 30).  The
smallest area required was for total suspended solids and the largest for total
phosphorus (Figure 42).  When ANZECC (1992) guidelines for effluent and
background concentrations were used, the required lake area was larger still (Table 30).
Compared to Kadlec and Knight (1996), the area required to treat organic nitrogen,
ammonia and nitrate/nitrite was up to 10 times smaller when using Reed et al. (1995)
method.  This is because Kadlec and Knight’s (1996) rate constant was computed for a124
moderate climate, and the method assumes constant temperature (except for TN
removal).
Table 30: Range of multiples of the current lake area necessary to
reduce influent pollutants to measured background flows and
guidelines’ concentrations for coastal waters (ANZECC,
1992). Calculations were made using the methods of Kadlec
and Knight (1996) and Reed et al. (1996).  The lower value
corresponds to low hydraulic loading and low concentrations,
and the higher value in the range represents higher
concentrations of pollutants and high hydraulic loading.
Multiples of the
current lake area
required for treatment
TSS TP TN Org N NH4-N NOx-N
Kadlec and Knight
(1996) method.
Effluent concentration
set to measured
background
concentrations
0.1–0.5 1.4–24 1.1–15.5 1.2–20 1.2–18 0.7–9.3
Kadlec and Knight
(1996) method.
Effluent concentration
set to ANZECC (1992)
guidelines
– 31.5–2.
3
1.8–16.5 – 2.2–23.3 1.3–12.4
Reed et al. (1995)
method). Effluent
concentration set to
ANZECC (1992)
guidelines) and
2.8mg/L for TSS
0.1–0.5 1.3–23 Not
applicable
0.2 –2 0.5–5 0.2–1.6125
Figure 42: Multiples of the current lake area necessary to reduce influent phosphorus to measured background
concentration of 0.1 mg/L during the research program (1992–93).126
First-order areal rate constant
The approach of Kadlec and Knight (1996) was also used to calculate site-specific
ranges of the areal rate constant (k) for pollutant uptake.  The constant is directly
proportional to influent pollutant concentrations and flow rate.  The areal rate constant
was highest for TP and deviated most from the generic value for nutrients provided by
Kadlec and Knight (1996) (Table 31). The areal rate constant calibrated on local data
can be used for sizing wetlands on the Swan Coastal Plain and in catchments with
similar conditions to Herdsman Lake.
Table 31: First-order areal uptake constants for total suspended solids
and nutrients for different flow rate and influent pollutant
concentrations found at Herdsman Lake, compared to Kadlec
and Knight (1996).
First-order areal uptake
constant
TSS TP TN Org N NH4-N NOx-N
Value for k20 (m/yr)
(Kadlec and Knight,
1996) 1000 12 22 17 18 35
Range of k from this
study (m/yr)
13-390 17-285 23-341 20-338 32-410 23-326
For a more conservative design, it is recommended that lower values of k be used for
sizing constructed wetlands or evaluating wetland performance.
5.6  Summary and conclusions
Herdsman Lake operates as a trap for nutrients.  Most nutrients, especially in particulate
form, had higher concentrations and loads in 1992, when rainfall was higher.  The
pollutant load varied with rainfall during both years of the research program.  Despite
the large area of catchment, land use practices and pollutant availability appear to be
just as important as hydrodynamics.  Except for total dissolved solids, most of
pollutants were retained by the lake system.  The average seasonal pollutant
concentrations were inversely proportional to rainfall except for TSS, PO4-P and NH4-
N.  The average pollutant load was proportional to rainfall except for most dissolved
forms of nutrients (PO4-P, organic phosphorus and NH4-N).  Contrary to expectations,
winter and spring did not result in lowest pollutant concentrations (except for PO4), and
of all dissolved pollutants only organic phosphorus and nitrate had highest
concentrations during wet weather.127
Concentrations of pollutants were always higher during storm events compared to
background flows.  Storm events of higher rainfall resulted in higher pollutant loads for
TSS and TP but not for TN; however, storm events of higher intensity resulted in higher
nitrogen concentrations but not for TSS and TP.  The longer antecedent period between
storm events resulted in higher TSS concentrations and loads but had no effect on TP
and TN.  Contrary to expectations, winter and spring storms did not have lower
pollution loads compared to “first flush” events in summer or autumn.
While the lake functions very well as a pollutant sink, to reduce the concentrations in
the water flowing out of the lake to those recommended by guidelines would require a
large increase in wetland area.  The limiting design factor, evaluated by the methods of
Kadlec and Knight (1996) and Reed et al. (1995) was phosphorus, as it required the
largest area for treatment.  In assessing the wetland area required for pollutant removal,
the method of Reed et al. (1995) was considered more accurate as it allowed for
temperature.
Nutrients in sediments were not measured during this study.  Davies (1993), Clark et al.
(1990) and Davis et al. (1993) suggest that it is likely that even if nutrient inputs were
substantially reduced, sediments will remain a major source of nutrients in the water in
Herdsman Lake under certain conditions.
Increasing urbanisation of the catchment through urban infill programs, wetland and
dampland reclamation schemes is putting even more pressure on the wetland.  A study
by Tilley and Brown (1998) amongst others has shown that for every 1% increase in
urban area within the catchment, additional 0.1% of the catchment is required for
treating the stormwater runoff in the wetland.  While this is a useful planning guideline,
it should be noted that the intensity of the land use is also important; e.g. commercial
versus industrial or housing.
Whilst it is inevitable that with urbanisation the hydrological characteristics of the
catchment will change, it is not impossible to achieve a better outcome in managing the
quality of urban runoff than currently occurs at Herdsman Lake.  A number of measures
are necessary. They range from public education programs, school-based monitoring
programs, improved surveillance for illegal dumping, stricter regulations on discharge
from new housing subdivisions, and on-site and off-site treatment.128
6  Water quality and heavy metal loads
6.1  Introduction
This component of the study examined the heavy metals found in the stormwater
flowing through the study sites in 1992 and 1993.  Other constituents in the stormwater
were discussed in Chapter 5.
Toxic trace metals (lead, zinc, copper and cadmium) were measured as they have the
potential to result in chronic impacts on aquatic life.  They generally originate from
motor vehicles (petrol and diesel), pavement degradation, water pipe corrosion, roof
corrosion and industrial discharges (NPI, 2000).
The mobilisation of heavy metals from sediments is controlled primarily by pH and
redox potential and in some cases humic substances (Sagberg and Lund, 1982).  Total
suspended solids can often be positively correlated with high loads of heavy metals in
stormwater.
6.2  Hypotheses
The following hypotheses were tested:
1.  Heavy metal concentrations and loads in background water flowing out of the lake
are approximately the same as in the input drains.
2.  During storm events, the water flowing out of the lake has lower concentrations and
loads than water flowing into the lake.
3.  A large percentage of heavy metals, that enter the lake in stormwater drains, remain
in the lake.
4.  Pollutant loads are proportional to rainfall.
5.  Storm events of higher total rainfall and of higher intensity (compared to average)
result in higher pollutant loads, and storm events of higher intensity result in higher
pollutant concentrations.129
6.  The time since the last significant rain affects the amount of pollutants available for
runoff, so that the longer the dry period, the higher the loads and concentrations of
heavy metals.
7.  Winter and spring storm events have lower pollutant loads than events in summer or
autumn.
8.  Winter and spring have the lowest average pollutant concentrations because of
dilution.
6.3  Methods
Details of site selection, water quality sampling, the water regime and meteorology have
been presented in earlier chapters.
Sample bottles for heavy metals were cleaned with dionised water prior to a collection.
For manual sampling, the bottles were rinsed twice with sample water in the field, then
acidified with 70% nitric acid.  The proportion was 1 ml of acid to 100 ml of sample for
preservation (Chemtroncs, 1986).  Samples from the automatic sampler were filtered in
the laboratory, acidified and stored.
Heavy metals in stormwater were measured as dissolved and particulate form.
Dissolved metals were defined as those metals small enough to pass through a 0.45 µm
filter, particulate metals as those retained by the filter.  In this study, total metals were
measured.  This method (Chemtronics, 1986; Vydra, Stulik and Julakowa, 1976; Mann
and Lintern, 1984, Wang, 1985) is designed for the labile heavy metals released at pH
4.6 in a heavy metal electrolyte.  Digital voltammetry has been used in studies of trace
metals in many environmental applications and is highly flexible, accurate and cheap in
comparison to other methods such as X-ray fluorescence spectrometry or atomic
absorption spectrometry (Richardson, 1985, Wang 1985).
The Portable digital voltammeter (PDV 2000) used in this study was operated in the
filed during the pilot study, but was used in the laboratory for the remaining analysis.130
6.4  Results
6.4.1  Water-quality criteria for heavy metals.
Typical concentrations of heavy metals vary between freshwater and marine water and
are different depending on the designated use of the water (Table 32).
Water in the drains during this study did not meet the water-quality criteria for
freshwater or coastal waters (Table 17).  Compared to the upper concentration limits of
the guidelines, average concentrations of cadmium were usually exceeded by four
times, copper by three times and lead by 50 times.
Table 32: Recommended Australian water quality criteria for heavy
metals (after Hart, 1982).
Heavy
metal
Domestic
use
(µg/L)
Aquatic
ecosystem
(µg/L)
Typical concentration
in unpolluted
freshwater
(µg/L)
Typical concentration
in unpolluted marine
water
(µg/L)
Cadmium 5 0.2 0.01–0.4 0.01–0.15
Copper 1000 5 < 5 0.1–0.2
Lead 50 5 0.3–3 0.03
Zinc 5000 50 1–20 0.01–4.0
Table 33: A comparison of selected water-quality criteria for freshwater
wetlands proposed by ANZECC (1992) and data recorded
during monitoring 1992-1993
Heavy
metals
(µg/L)
Water quality standard
for freshwater
wetlands
Water quality
standard for
marine waters
Range of values
recorded during
the study
Average values
recorded during
the study
Cadmium
Copper
Lead
Zinc
0.2–2.0
2.0–5.0*
1.0–2.0*
5.0–50.0**
2.0
5.0
5.0
50.0
0–364
0–286
0–4320
0–4606
7.75
17.4
116
52.3
* Depends upon the hardness of the water
** Provided iron is not present as Fe(II)
Data for all metals were positively skewed and single-mode, except for cadmium at site
3 which was bi-modal.
In contrast to nutrients and suspended solids (see Chapter 5), heavy metals were
generally at higher concentrations and loads in 1993 than in 1992.131
As expected, heavy metal concentrations and loads were higher during storm events
than in baseflow.  More intensive storm events (February 1993 and August 1993)
resulted in highest concentrations and loads.  Background flow concentrations were
higher in 1993 than in 1992.  Retention rates of metals within the lake system were
between 90% (for copper during June 1992) and 100% for zinc during the June and
November 1992 storms.  Flow-weighted concentrations were highest at sites 3, 4, 5 and
6 (Table 34).
Copper was the only metal that had very different characteristics in its distribution,
retention and concentrations.  First, differences in background and storm event
concentrations of copper were only minor.  Second, concentrations were consistently
high at outflow and influent sites.  Third, the “first flush” (see below) for copper was
only observed at the outflow site.
The “first flush” (as defined in Chapter 3) was nearly always greater for metals than for
nutrients and TSS (Chapter 5).  As with the initial flush for nutrients, the most intensive
storms generated the greatest pollutant export compared to the volume of water that
generated the runoff; for example, the first 40% of runoff removed 80% of the metals.
The first flush was generally most pronounced for zinc (site 3) and copper (site 4).
There was no first flush effect for copper at any site except 4.  For example, during the
June 1992 storm event, the first 40% of runoff exported 81% of zinc and 100% of
cadmium at site 3, compared to 46% of lead and 65% of copper at site 4.  At the exit
site, the initial flush occurred only for copper and lead, most likely because the lake
retained all zinc and cadmium.132
Table 34: A summary of sites with the highest concentrations and loads
of heavy metals in stormwater drains at Herdsman Lake in
1992 and 1993.
Zinc Cadmium Lead Copper
Highest concentrations based
on:
All data
Site 5, 3 Site 3 Site 3 Sites 6, 3, 4
Baseflow Site 5 Site 3 Site5, 3 Site 4
Storms:
June 1992
November 1992
February 1993
August 1993
Site 5
Site 5
Site 3,6
Sites 2,3,6
Site 1
Site 3
Site 3
Site 3
Site 5
Site 5
Site 5,6
Site 2
Site 4
Site 4
Site 3,6
Site 3
Highest loads based on:
All data Site 5 Site 3 Site 5 Site 6
Baseflow Site 5 Site 6 Site 5 Site 6
Storms:
June 1992
November 1992
February 1993
August 1993
Site 5
Site 5
Site 6,5
Site 6
Site 1,5
Site 5
Site 3,5
Site 3
Site 5
Site 5
Site 5
Site 6,2
Site 5
Site 5
Site 6
Site 6,2
6.4.2  Zinc
Nearly 54% of all samples had a zinc concentration below the detection limit, and 80%
had a concentration of less than 50 µg/L — the ANZECC (1992) limit for freshwater
and marine systems (Figure 43).  Seasonal zinc concentrations and loads were, on
averag,e higher in 1993 than in 1992, except in spring at site 5.  The highest
concentrations were at site 5 in 1992 and site 3 in 1993.  Highest loads were in 1992, in
spring at sites 5 and 6 (Table 34).
Concentrations in the water flowing in were always higher than at site 4, the outflow
from the lake, except in autumn 1992.  The largest differences between influent and
effluent zinc concentrations were in 1992 (in spring) and in 1993 (in winter and
summer).  Mean influent concentrations were 7–9 times higher than in water flowing
out and were usually within ANZECC (1992) guideline.
Flow-weighted concentrations and loads in background flow were higher in 1993 than
in 1992, except at site 1.  At site 5 background, concentrations were eight times those in
1993 compared to 1992.  At other sites the difference was from 14% (site 6) to 400%133
(site 4).  Contrary to prediction, the background concentrations and loads of zinc in
water flowing in were higher than in water flowing out.  Mean concentrations in the
background flow were usually four times lower than during storm events.
Concentrations during storm events
Highest flow-weighted concentrations of zinc were at site 5 during the storm in
November 1992.  Concentrations were 10–4,500 µg/L. As mentioned in Chapter 4, this
rain event resulted in highest discharge (normalised by rainfall) at site 5.
During storms in February and August 1993, flow-weighted concentrations were
highest at site 2, 3 and 6 (Table 34).  Peaks in concentration coincided with highest
rainfall (Chapter 4). Seven out of 13 samples collected during the rain had excessive
concentrations — up to five times above ANZECC (1992) guideline.  At site 6, there
were very high concentrations in seven out of eight samples — up to six times the
guideline.
The lake system retained 99.15% of the zinc inflowing during February 1993 and
96.64% in August 1993 storms. This effect can be observed using the whole data set
and comparing influent site 3 and effluent site 4.  Peaks in concentrations at the exit site
were much lower and slightly delayed compared to the influent site (Figure 45).  The
shape of the pollutograph during the rain event in February 1993 at outflow compared
to influent sites showed a delayed peak and much lower concentrations (Figure 46).
This pattern for a pollutograph was very similar for other metals except for copper.
Loads during storm events
Except for August 1993, loads at site 5 were highest during all storm events. Average
storm event loads at site 5 were three times higher than at the second-highest load site
(site 6) and 150 times higher than at site 4, the exit drain.  Highest loads were measured
during spring and winter storm events.  In August 1993, the loads were highest at site 6.134
Figure 43: The frequency-of–occurrence histogram of zinc
concentrations for all data during the 1992–93 study.
Figure 44: The average seasonal zinc load in the drain water at all sites
1992-1993135
Figure 45: A comparison of flow-weighted concentrations of zinc at (a)
site 3 (influent) and (b) site 4 (effluent) during the 1992-93
study. Note the much lower peaks at site 4 compared to site
3.136
Figure 46: Zinc concentrations during the February 1993 storm event at
the main influent sites (3, 5 and 6) and effluent site.  Note
the very low concentrations at the effluent site.
6.4.3  Copper
Almost 38% of samples had concentrations below the detection limit, but only 50%
were within acceptable guideline (ANZECC, 1992) (Figure 47).  The most common
concentration was £ 1µg/L (38% of samples) and the second most frequent ³ 20 µg/L
(24% of samples).  Mean copper concentrations were nearly four times above ANZECC
(1992) guideline.  The highest concentrations were at site 5 and 6 (Table 34).
Unlike other metals, the mean background concentrations of copper were only 4%
lower than during storm events.  Flow-weighted concentrations in baseflow were much
higher in 1993 compared to 1992, except at site 5.  Concentrations in the water flowing
out were, on average, 1.6 times lower than in water flowing in, but the opposite
occurred in background flow.  Of the four metals, only copper was frequently at higher
concentrations in water flowing out than in the water flowing in.
In 1992 the highest seasonal flow-weighted concentrations were in summer at site 6.
The water at the exit site had the highest concentrations in winter, spring and autumn.
In 1993 concentrations were highest at site 3 (winter and autumn) and site 6 (summer).
Site 4 had highest flow-weighted concentrations in spring.137
Loads were higher in 1993, except for summer at site 5 and 6, which were equally high
in 1992 and 1993.  In winter 1992, the highest loads were at site 5, and at site 6 in
winter 1993 (Figure 48).  Background loads were approximately the same in water
flowing in and out.
Concentrations during storm events
The highest concentrations of copper were at site 6 in 1992 and at site 5 in 1993.  The
highest mean at site 6 was over six times the ANZECC (1992) guideline.  Mean and
median values at all sites also exceeded the guideline.
The highest concentrations occurred in the February and August 1993 storms at sites 3
and 6.  All concentrations during the February 1993 storm at site 6 were 10 times higher
than ANZECC (1992) guideline.  Similar results were obtained at site 3 (2–18 times the
limit) and site 5.  Even at the outflow site, the copper concentrations were very high.
Out of the 14 samples during the February 1993 rain, only one complied with the
guideline. Water flowing out had on average seven times lower flow-weighted
concentrations than at the influent site 3.
During the rain event of June and November 1992, unusually high flow-weighted
concentrations occurred in the effluent — up to twice those in influent concentrations.
Loads during storm events
The highest loads were at site 6 in February and August 1993 and were approximately
4.5 times higher than average loads at other sites.  The highest loads during June and
November 1992 were at site 5 (Figure 48 and Table 34).  Retention rates were from
89.3% in August 1993 to 99.3% in February 1993.138
Figure 47: A frequency-of–occurrence histogram of copper
concentrations for all data during the 1992–93 study.
Figure 48: The average seasonal copper load in the drain water at all
sites 1992–93
6.4.4  Lead
Of the four metals included in this study, only lead was at consistently high
concentrations — often exceeding the water-quality guideline.  Only 21% of samples
had concentrations below detection limits; 27% met the guideline for freshwater
protection and 35% met the criterion for coastal waters (ANZECC, 1992).  More than
half the samples had concentrations between 50 and 100 µg/L (Figure 49).139
Concentrations at the outfall site were above the water-quality guideline during most of
1993 and during storm events.  Highest concentrations were at sites 5 and 3 (Table 34).
The concentrations of lead were generally higher in 1993 than 1992, except at site 5 in
summer.  Mean storm event concentrations of lead were five times higher than in
baseflow.  Background concentrations were higher in 1993, except at site 6.  Average
concentrations in water flowing into the lake were generally 2–9 times higher than in
water flowing out.  In addition, the median inflow concentration was 32 µg/L compared
to 4 µg/L in water flowing out.  The highest flow-weighted concentrations were at site 3
in 1993 (especially winter) and at site 5 in 1992.  Contrary to predictions, baseflow
concentrations were higher in water flowing in than out.
Loads were generally higher in 1993 than 1992, except site 5 where loads were very
high in winter, spring and summer of 1992.  At site 3, summer 1993 concentrations
were the same as in summer 1992.  At all other sites highest loads occurred in winter
1993 (Figure 50).  The lead load was retained by the lake system better than other
metals, except zinc, with an average retention rate ³ 98%.
Concentrations during storm events
Flow weighted concentrations and loads of lead were highest at site 5, except in August
1993 (site 6).
During storm events, guideline concentrations (ANZECC, 1992) were most frequently
exceeded at site 5 where the median value was 43 times that of the guideline.  Mean
concentrations at this site were more than three times higher than those at other sites
and 170 times the guideline.  Effluent water had concentrations above ANZECC (1992)
guideline only in February and August 1993.  The highest flow-weighted concentrations
were at site 2 in August 1993.  During other storms, flow-weighted concentrations were
highest at site 5.  The summer storm in February 1993 resulted in nearly equally flow-
weighted concentrations at all sites except 1 and 2, which had lower amounts of lead in
the water.
Loads during storm events
Loads were highest at site 5 except in August 1993 when they were highest at site 6.
Lead retention during storm events was between 88.4% in August 1993 and 99.95% in
November 1992.140
Figure 49: A frequency-of–occurrence histogram of lead concentrations
for all data during the 1992–93 study.
Figure 50: The average seasonal lead load in the drain water at all sites
(1992–93)141
6.4.5  Cadmium
The most common concentration was below the detection limit (66.9% of samples)
(Figure 51).  Nearly 75% of samples had concentrations £ 2 µg/L, ANZECC (1992)
guideline (Table 17).  The highest concentrations were at sites 3 and 6 (Table 34).
Average concentrations were higher in 1993 than in 1992, except in summer 1992 and
1993 at site 3, where concentrations were nearly the same.  The mean concentration was
7.7 µg/L, just above ANZECC (1992) guideline.
The mean concentrations in water flowing in were 2–6 times higher than in the water
flowing out, except in winter 1993 when influent concentrations exceeded outflowing
concentrations by 11 times.  This was mostly due to contributions from the site 3
subcatchment.  Water in influent drains typically had concentrations six times that of
the recommended guideline.  Concentrations in the water during storm events were, on
average, 60% higher than in baseflow.  Average baseflow concentrations were higher in
water flowing in than out.  Mean background and mean storm event concentrations did
not meet the water-quality guideline.  Flow-weighted concentrations were consistently
highest at site 3, especially in winter 1993.  Very high concentrations only occurred
during storm events.
The cadmium loads were higher in 1993, except in spring and summer at site 5.  In
winter 1993 exceptionally high (15 times) loads occurred at site 3, compared to other
sites.  In summer 1993 at site 6, the loads were four times higher than at remaining sites
(Figure 52).
Pollutant retention was consistently high, above 98%, except in autumn 1992 when it
was 75%.  Retention rates during storm events were between 95 and 99%.
Concentrations during storm events
The concentrations of cadmium were highest at site 6 and 5 in 1992 and at sites 5 and 3
in February and August 1993.  Guideline concentrations were most frequently exceeded
at site 3, 5 and 6, with the mean being 10 times the guideline (Table 34).  Mean
concentrations at effluent site were above the guideline by 10–20%.142
Loads during storm events
The loads were higher during 1993 storms compared to 1992, and were highest at sites
3 and 6.  In 1992, the highest loads were at site 1 in June and at site 5 in November.
The retention rates were between 95.6% in August 1993 and 99.0% in February 1993.
Figure 51: A frequency-of–occurrence histogram of cadmium
concentrations for all data during the 1992–93 study.
Figure 52: The average seasonal cadmium load in the drain water at all
sites (1992–93).143
6.4.6  Correlations between measured parameters
The correlations between total suspended solids and metals and between the metals
were higher in 1993 than in 1992.  They were consistently highest during wet compared
to dry weather.  Correlation coefficients were highest at sites 1, 5 and 6 in 1992 and at
sites 3, 5 and 6 in 1993 (Table 35).  Except for site 1, this pattern was consistent with
high concentrations and loads.
Correlation coefficients were higher at most sites during the November 1992 and
February 1993 storm events (Table 36).
There were only a few sites with high correlations between metals and TSS (site 3, 5
and 6).  Zinc most frequently was correlated with lead, cadmium with copper, and lead
with copper.  At site 5 and 6, zinc was often highly correlated with copper. No
correlations were observed between pH and heavy metal concentrations.
Table 35: Simple correlation coefficients between concentrations of
totals suspended solids and heavy metals at all sites in 1992
and 1993.
Site 1 Site 2 Site 3 Site 4 Site 5 Site 6
1992
TSS*Zn r ￿
TSS*Cd
TSS*Pb ￿ p ￿
TSS*Cu ￿
Cd*Cu ￿
Zn*Pb p ￿
Pb*Cu p p
1993
TSS*Zn ￿
TSS*Cd p
TSS*Pb p p ￿
TSS*Cu p p p
Cd*Cu p
Zn*Pb ￿ p p p ￿
Pb*Cu p p p
Correlation coefficient:
￿:1.0-0.75    p: 0.75-0.5
￿:(-1.0)- (0-0.75)    r: (-0.75)- (-0.5)144
Table 36: Simple correlation coefficients between concentrations of
totals suspended solids and heavy metals at all sites during
storm events.
Storm event Parameters Site 1 Site 2 Site 3 Site 4 Site 5 Site 6
Jun 1992 TSS*Zn
TSS*Cd
TSS*Pb
TSS*Cu
p
p
Cd*Cu p p
Cd*Pb p
Zn*Pb p p p
Pb*Cu p ￿ ￿ ￿
Nov 1992 TSS*Zn
TSS*Cd
TSS*Pb
TSS*Cu p
p
p
￿
p
￿
Cd*Cu ￿ ￿
Cd*Pb ￿ p
Zn*Pb ￿ ￿
Pb*Cu p
Feb 1993 TSS*Zn
TSS*Cd
TSS*Pb
TSS*Cu
￿
￿
￿
p
r
p
p
p
￿
p
￿
Cd*Cu ￿ p
Cd*Pb p
Zn*Pb ￿ p ￿ ￿
Pb*Cu ￿ ￿
August 1993 TSS*Zn
TSS*Cd
TSS*Pb
TSS*Cu
￿
r
p
p
￿
p
r
￿
￿
￿
Cd*Cu
Cd*Pb
Zn*Pb ￿
Pb*Cu p r ￿
Correlation coefficient:
￿:1.0-0.75   p: 0.75-0.5
￿ (-1.0)- (-0.75)    r: (-0.75)- (-0.5)145
6.4.7  Mass balance
Based on seasonal, flow-weighted concentrations, gains exceeded losses most of the
time; i.e. more metals were entering than leaving the system.  There was no net loss of
cadmium from the lake system.  Some zinc and lead was lost, but only in autumn 1992.
There was a net loss of copper in winter and autumn 1992 and spring 1993.
The highest net gains of lead and cadmium were in winter 1993.  The highest gains in
copper were in summer 1993.  The lake system gained most zinc in spring 1992, and
winter and summer 1993.
Based on average load results over the two years of research, the lake gained zinc and
lead, but lost copper in 1992 (Table 37).  The gains and losses were much higher in
1993 than in 1992.  For example, the gain of lead in 1993 was seven times higher than
in 1992.  The gain of zinc was similar in both years (only 1.8 times higher in 1993).
The amounts of zinc gained during storm event were comparable to baseflow.  Much
less lead was gained during an average storm than in 1993, but it was comparable to
data from 1992.  Gains in copper during storms were similar to 1993, but much higher
than in 1992.146
(a) (b)
(c)
(d)
Figure 53: Gains and losses of average seasonal flow weighted concentrations of zinc (a), cadmium (b), lead (c) and copper (d) at
Herdsman Lake 1992–93.  Positive values indicate greater inflows than outflows.  Note different vertical scale on the
graphs.147
Table 37: The annual average import and export of heavy metals in the
Herdsman Lake stormwater drain system in 1992–93.
In
Kg/day
Out
kg/day
Net gain/loss
Kg/day
Average in 1992
Zn 4.0 0.0 4.0
Cd 0.1 0.0 0.1
Pb 4.5 0.1 4.4
Cu 0.4 0.5 -.01
Average in 1993
Zn 6.9 1.1 5.8
Cd 3.0 0.0 3.0
Pb 33.8 3.4 30.4
Cu 3.3 1.0 2.3
Average load during
storms
Zn 7.2 0.8 6.4
Cd 2.3 0.2 2.1
Pb 7.4 2.4 5.0
Cu 2.7 0.7 2.0
6.4.8  Contributions from groundwater
Only cadmium was in concentrations below the water-quality guideline.  Groundwater
was a possible source of zinc and lead.  Water in upstream sites close to the lake had
much higher concentrations of zinc and lead than at the downstream site.  As was the
case with surface water, the lake system appeared to be contributing copper to the
groundwater (Table 38).
Cadmium concentrations were very low in water at upstream sites.  No cadmium was
detected at the downstream site.148
Table 38: Concentrations of heavy metals in upstream and downstream
groundwater around Herdsman Lake compared to the
recommended water-quality criteria (ANZECC, 1992).  (Data
courtesy of Water Corporation of Western Australia..
Parameter
(mg/l)
Average
upstream
Upstream near
lake
Downstream Water-quality
criteria
Zinc
Cadmium
Lead
Copper
0.240
0.001
0.011
0.024
0.408
0.001
0.013
0.028
0.000
0.000
0.010
0.030
0.005–0.050
0.0002–0.002
0.001–0.002
0.002–0.005
6.4.9  Quality at site 10
The heavy metal concentrations at the control site were generally lower than at the
outflow site.  In 1992, out of 21 samples, 11 had higher concentrations at the control
site compared to the outflow site, compared to only eight in 1993 (Figure 54).  In 1992,
all metals occasionally had higher concentrations at the control site, but in 1993 this
was only true for zinc, lead and one cadmium sample.149
Figure 54: Differences in heavy metal concentrations between effluent site and control site during the study (1992–93).  Negative
values indicate that concentrations at control site were greater than at the effluent site.  Positive values indicate
concentrations at effluent site being greater than at the control.150
6.5  Discussion
The high concentrations of heavy metals — above water-quality guidelines — detected
at Herdsman Lake were consistent with studies elsewhere (e.g. Clarke et al., 1990;
Hodge and Armstrong, 1992, Flores-Rodriguez et al., 1994).
Very high concentrations and loads during storm events compared to baseflow may well
reflect the mechanism of transport of heavy metals to the drains.  Heavy metals in
aquatic systems are generally bound to particulates and may be mobilised during
significant runoff (Weeks, 1982).  Natural particulates in these systems are clay
minerals, iron and manganese, carbonates, organic matter (for example humic acid) and
biological material.
The potential bioavailability and mobility of heavy metals are influenced by the type
and stability of the bonding.  Generally weakly adsorbed or dissolved metals are easily
available to biota; whereas, metals bound in the crystalline structure lattice have to
undergo geochemical weathering before they become bioavailable (Calmano et al.,
1993).
Higher concentrations and loads in 1993, which was a much drier year, may be due to
longer periods between rain and greater time available for accumulation.  It may also
suggest constant supply and deposition in the catchment.
High pollutant retention during the study period (except for copper) suggests that
treatment may be relatively easy.  A series of settlement ponds to trap the particulates
may well reduce heavy metal loading by at least 50%.  Of particular concern is site 5,
where water flows directly to Floreat Waters moat, and the current design does not
allow for even partial diversion of the “first flush” runoff.  If some heavy metals are
associated with small particles, however, then settling ponds may be ineffective in
removing heavy metals from stormwater (Dempsey et al., 1993; Kulzer, 1989).  The
particle size distribution in runoff from Herdsman lake drains should be therefore
investigated to ensure high efficiency of metal removal.
Event mean concentrations in this study were comparable to similar studies, except for
cadmium, which was at much higher concentrations in this study (Table 39).151
Table 39: Published event mean concentrations (EMC) (mg/L) from
mixed and rural catchments compared to the results of this
study.
Pollutant
Mean
(Range)
O’Loughlin et al.,
(1992)
Weeks
(1982)
Sharpin
(1995)
Mudgeway et
al., (1997)
This study
Zn 0.04
(0.01–1.0) (0.21–5.8)
0.59 0.63
(0.23–1.7)
0.05
(0.001–46.
06)
Cd 0.006
(0.001–0.1)
0.01 0.09
(0.008–0.0
1)
0.01
(0.003–0.02)
0.01
(0.001–3.6
4)
Pb 0.25
(0.05–0.45) (0.07–0.69)
0.31 0.10
(0.1–0.74)
1.15
(0.001–43.
20)
Cu 0.4
(0.01–0.15) (0.02–0.48)
0.05
(0.03–0.09)
0.06
(0.2–0.18)
0.17
(0.001–2.8
6)
6.5.1  Zinc
The most likely sources of zinc in the stormwater at Herdsman Lake include corrosion
of galvanised roof surfaces, vehicle tyre wear, lubricants and wear on moving vehicle
parts.  Zinc in aquatic environments usually occurs as an ion in the (II) oxidation state,
and many of forms of zinc are readily soluble in water (NPI, 2000).  Zinc is generally
not very toxic to humans but has adverse effects on aquatic fauna (ANZECC, 1992;
NPI, 2000).  Zinc is likely to accumulate in aquatic animals, but not in plants.
Clarke et al. (1990) and ESRI (1983) reported high concentrations of zinc (2–40 times
above the water-quality guideline) in Floreat Waters and at drain sites close to sites 3, 5
and 6 in this study.
Since zinc retention rates were very high in this study, it may well be relatively simple
to trap zinc by diverting the initial flush through settlement ponds.
Anderberg and Stigliani (1994) reported corrosion as one of the main sources of zinc in
the Rhine River.  Similar finding were reported by Thomas and Greene (1993) in a
study of roof runoff in Armidale, Australia.
In the study described by Good (1993) of a roof runoff in Washington State, runoff
exceeded the water-quality criteria for copper, lead and zinc in all samples.  Zinc
concentrations were more than 10 times higher than the chronic criteria (Good, 1993).152
It was suggested that acid rain and salts deposited from marine air might have
accelerated the leaching of zinc from these roofs.
6.5.2  Lead
The very high concentrations of lead recorded in stormwater in this study were of
particular concern because they were detected in water flowing directly into the lake.
The main source of lead in the catchment is from diffuse and mobile sources (such as
vehicle exhaust) as particulate lead compounds.  In Australia, petrol can be called
unleaded even with a lead content of approximately 17 mg/L.  In leaded petrol there can
be as much as 300 mg/L of lead.  Particulate lead from vehicle emissions becomes
airborne and, depending on the conditions, can settle some distance from the road. (See
below.)
Other likely sources include batteries, cable covering, tyre fillers, lubricants, road paint,
bearing wear, rodenticides and insecticides.  Lead is poisonous in all forms (and
cumulative) and most readily enters living organisms by inhalation or ingestion.  It is
stored in the body in bones and teeth.
Previous studies at Herdsman Lake reported high concentrations of lead near sites 5 and
6 (Clarke et al., 1990; ESRI, 1983).
Nearby Lake Monger each year receives from urban runoff an estimated 138 kg of lead
— about a quarter of that received by Herdsman Lake (Lund et al. 1991). Lead may
remain in sediment for many years (NPI, 2000).
6.5.3  Cadmium
Cadmium is not an essential element for biological processes, nor is it beneficial to the
human body.  Even in small quantities, it is toxic to both to humans and aquatic life.
This means that even having 25% of samples with concentrations above ANZECC
(1992) guideline is undesirable.
Earlier studies at Herdsman Lake reported elevated cadmium concentrations at locations
close to site 5 and 6 (Clarke et al., 1990; ESRI, 1983).
It is most likely that all sources of cadmium in the Herdsman Lake catchment were
diffuse and some were mobile (e.g. motor vehicles).  Cadmium is mostly used in
batteries, electroplating, as an additive to paints, and as stabilising agent in many153
polyvinyl chloride (PVC) products.  The main sources of cadmium in aquatic systems
are metal refining, phosphate fertilisers, dying and printing of fabrics, household
sewage, atmospheric deposition, insecticides, tyre fillers, coolants, road paints and
small industry.  It is also a component of petrol, diesel and lubricants.
A study of the Rhine River found that pollution due to atmospheric deposition was the
most important source of cadmium.  Four main sources of cadmium were identified:
nickel–cadmium (Ni–Cd) batteries, pigment, stabilisers and plating.  Cadmium
emissions occurred at all stages of manufacturing, use and disposal of these products
(Anderberg and Stigliani, 1994).
6.5.4  Copper
There may well be a source of copper within the lake system that may be, to some
extent, rainfall independent since there was little difference between baseflow and storm
event concentrations.  It is worth investigating further if lake and drain sediments were
indeed the main source of copper in the stormwater flowing out of the lake and into the
ocean.  Past studies have also reported high concentrations of copper in the water at
Floreat Waters and at sites close to site 5 and 6 (Clarke et al., 1990; ESRI, 1983).
In the environment, copper can be transported as airborne particles or as dissolved
forms in water (NPI, 2000).  The free copper (II) ion is potentially very toxic to aquatic
life.  A number of copper compounds (for example copper (II) acetate, copper (II)
chloride and copper (II) cyanide) are widely used in agricultural and gardening
applications (NPI, 2000).  These include the fungicide (Bordeaux mixture) (especially
for peaches and lettuce, commonly grown in Herdsman Lake catchment), insecticide,
mildew preventive and herbicides.  Other main sources of copper in urban areas include
wear of vehicle brake pads, fuel combustion, metal plating, wear of motor vehicle
engines.  It may well be that the copper was leaching from the sediments and drain
embankments that had received pesticide applications in the past.  Past study of the
sediments at Floreat Waters and Popeye Lake has identified very high concentrations of
copper and zinc as well as arsenic. Lead and cadmium were not measured (Schmidt et
al., 1993).  These concentrations were 2–10 times higher than other Swan Coastal Plain
wetlands included in the survey (Schmidt et al., 1993).154
6.5.5  Contributions from groundwater
Because elevated concentrations of heavy metals were present in groundwater, it is
worth investigating further if they originate from point or non-point source.  Lead in
groundwater most likely originates from leaking petrol storage tanks.  In the last few
years, a number of petrol stations in Perth have been identified as sources of petroleum
contamination (Barber et al., 1990; Hirschberg, 1991; Thierrin et al., 1995; Water and
Rivers Commission, 1999).  Additional sources may be market gardens that have
regular applications of pest and weed treatments.
6.5.6  Quality at site 10
Higher concentrations of heavy metals at the control site compared to the outflow site
may well be due to pipes leaking and some metals being leached from the reinforced
concrete pipe materials.
6.5.7  General discussion
A summary of the hypotheses testing is presented in Table 40.
Table 40: A summary of the results in relation to the hypotheses in
section 6.1.
Hypothesis Zn Cu Cd Pb
1.  Heavy metal concentrations and loads in background water
flowing out of the lake are approximately the same as in the
input drains.
N Y N N
2.  During storm events, the water flowing out of the lake has
lower concentrations and loads than water flowing into the lake.
Y Y Y Y
3.  A large percentage of heavy metals, that enter the lake in
stormwater drains, remain in the lake.
Y Y Y Y
4.  Pollutant loads are proportional to rainfall. N N N N
5.  Storm events of higher total rainfall and of higher intensity
(compared to average) result in higher pollutant loads, and
storm events of higher intensity result in higher pollutant
concentrations.
N N N N
6.  Time since the last significant rain affects the amount of
pollutants available for runoff, so that the longer the dry period,
the higher the loads and concentrations of heavy metals.
Y Y Y Y
7.  Winter and spring storm events have lower pollutant loads than
events in summer or autumn.
Y N Y N
8.  Winter and spring have the lowest average pollutant
concentrations because of dilution.
Y N Y N
Y  =  Hypothesis supported.
N  =  Hypothesis rejected155
Hypothesis 1 was supported only in the case of copper.  All other metals were present in
the baseflow at much higher concentrations and loads in the water flowing in than out.
It was expected that since particulate load in the baseflow was lower compared to storm
events, that concentrations and loads of heavy metals in the background flow should be
approximately the same in water flowing in and out.  Copper was the only metal present
at higher concentrations in the water flowing out, compared to the inflow.  This may be
due to a source of copper within the lake system and/or that copper was present in
dissolved rather than particulate form.
In relation to hypothesis 2, during storm events concentrations and loads in the water
flowing out were lower than in the water flowing in, thus supporting the hypothesis
(Table 40).  This also supported hypothesis 3 where the results show 90% or higher
retention rates of the heavy metals by the lake system.  The lowest retention rates,
which occurred for copper, were consistent with the findings related to hypothesis 1.
The efficiency of wetlands in removing heavy metals from water was generally higher
for particulate forms compared to dissolved (DLWC, 1998; Gordine and Adams, 1994).
Hypotheses 4 and 5 were partly supported by the results, which showed that during
intensive rain events (i.e. February and August 1993) loads of heavy metals were higher
than during less intensive events.  Higher rainfall did not result in highest loads or
concentrations during storm events.
There were insufficient data to evaluate hypothesis 6, mostly because the storm event
which had the longest antecedent period was also the second most intensive storm;
however, it appears that long, dry periods of accumulation of dust do produce high
concentrations of pollutants (e.g. Weeks, 1982; Thomson et al., 1994).
Hypotheses 7 and 8 were partly supported by the results for zinc — and at some sites
for cadmium — but the pollutant loads were higher in summer compared to spring and
winter for copper and lead.  With the exception of copper, all metals appear to have
non-point sources, and this may include atmospheric deposition.
Information on the emissions of heavy metals in Australia, including airborne particles,
is limited (OECD, 1998).  Without further research, it is difficult to comment on the
proportions of the heavy metals in this study that may be originating from atmospheric
deposition.  It is likely that airborne lead concentrations have decreased since this study
was completed.  Emissions of lead from cars has been reduced across Australia by156
about a third between 1993 and 1998 (OECD, 1998), and a consequent decrease could
be expected in urban runoff from the Herdsman Lake catchment.
The area around the lake has been treated very extensively with pesticides in the past
(Davis and Garland, 1986), and pesticides often contain copper.  In another study of
wetlands on the Swan Coastal Plain, Herdsman Lake was identified as having high
concentrations of aldrin, chlordane, DDT, dieldrin, chlorpyrifos and fenamiphos
(Schmidt et al., 1993).
Nearby Lake Monger, which has had a similar history of developments and pesticide
applications, has been classified as heavily contaminated on the basis of heavy metal
and pesticides concentrations (Davis et al., 2000).
Hodge and Armstrong (1992) modelled mean loads of lead and copper in urban runoff
in California and showed that the copper load was greatest for residential areas (39.7%)
followed by industrial area (23.9%) and commercial area (20.1%).  Similarly, lead was
originating mostly from residential areas (47%), commercial areas (19%) and industrial
areas (18.6%).  The “transport” category (including emissions and wear of vehicles)
contributed 14% of lead and copper.
Heavy metals (i.e. copper, lead and zinc) in urban runoff are the most significant threat
to aquatic life.  In a study of urban runoff in 22 US cities, each of these metals exceeded
the criteria for the protection of aquatic life in more than half of monitored samples (US
EPA, 1983, cited by Baker, 1992).  This is similar to the findings of this study.
Flores-Rodriguez et al. (1994) reported that in stormwater runoff in France, lead was
represented mostly by stable forms whereas zinc and cadmium were mostly
bioavailable.  Particulate pollutants, especially lead were transformed into a more stable
form during transport.  Particulate heavy metal concentrations varied widely over the
fractions; i.e. ion-exchangeable, acid-soluble, reducible, oxidizable and residual.
Runoff from roads and carparks showed significant metal mobility (Flores-Rodriguez et
al., 1994).
Like many other chemicals, heavy metals usually have synergistic (not just additive)
effects in the environment.  In addition, they can be accumulated in organisms and
sediments; therefore, long- as well as short-term impacts on aquatic ecosystems are high
(Hart, 1982).157
Further work should focus on the possible sources of copper in the catchment, forms in
which heavy metals occur, their toxicity and — most importantly — management
options for removing metals from water flowing in the drains.
6.6  Conclusion
The concentrations of all heavy metals were above the water-quality guidelines
(ANZECC, 1992) most of the time.  Storm events resulted in highest concentrations and
loads, but copper concentrations in baseflow were nearly as high as during storms.  The
lake system retained, on average, 90% of incoming metals with the exception of copper.
The lake system appears to be a source of copper.
Whilst particle sizes or forms of heavy metals were not investigated, high retention rates
indicate that remediation may well be relatively easy and would consist of sediment
settlement ponds.158
7  Land cover and land use
7.1  Introduction
Population growth and increasing urbanisation contribute to changes in land cover and
land use.  Agricultural land use is replacing natural habitats while the density of urban
infrastructure is growing.  As a result of these changes, land surface parameters are
constantly being altered.  Most natural habitats have low rainfall and runoff rates and
little nutrient loading; whereas, agricultural and urban areas have high runoff that often
carries large pollutant loads.  The study of historical changes to land cover and land use
can provide useful options for the management of our environment.  There are many
ways of studying these changes, and remote sensing — together with geographic
information systems (GIS) — provide useful tools to achieve these objectives.
Remote sensing is the science and technology of gathering data from a distance.  Using
a variety of sensors, from photographic to electronic, remote sensing can provide data
for hydrologic models, runoff management and catchment monitoring.  Information can
be obtained about land use, land cover or differentiation between permeable and
impermeable surfaces, and it is possible to sample the parameters of interest many times
over large areas.  Data sets can be integrated into a system such as a GIS or a
hydrological catchment model.
Multispectral satellite images have been identified as a cost effective, accurate and
timely method of acquiring information on land use and cover.  Several studies have
demonstrated that satellites provide data more frequently and at lower cost compared to
traditional methods of ground survey and aerial photography (Jensen, 1983; Martin,
1986).  Previous studies have focused on developing image-processing techniques to
separate land-related information as well as change-detection techniques.  For example,
some studies have highlighted the principal component analysis (PCA) technique as
suitable for combining multitemporal images (Byrne et al. 1980; Fung and LeDrew,
1987; Ingebritsen and Lyon, 1985).  Other studies concentrated on image enhancements
or image-classification techniques to provide information on the presence or absence159
and nature of change in land cover and use over time (Moreton and Richards, 1984;
Gong and Howarth, 1989; Jensen and Toll, 1982; Jensen, 1996).
Land use (i.e. activities in the catchment) and land cover (i.e. resources and
characteristics of the surface) were studied to establish the relationship between surface
properties and runoff in the Herdsman Lake catchment.
7.2  Aims
The work described in this chapter had six main aims:
1.  Document the progress of urbanisation in the catchment, and describe its effects on
stormwater characteristics and lake water levels.
2.  Describe land use and land cover in the catchment, and determine the proportion of
the catchment area covered by impervious surfaces.
3.  Using the land cover and land use database, investigate how much more of the
catchment can potentially be developed and the implications of such actions on
stormwater runoff.
4.  Relate land use and land cover to the quantity and quality of stormwater runoff from
different parts of the catchment.
5.  Determine which data set (e.g. aerial photography or satellite imagery) and methods
are most suitable for catchment-wide land cover mapping, and in particular, for
assessment of the permeability of the catchment.
6.  Identify suitable techniques for wetland restoration, with particular emphasis on
diffuse pollution sources.
7.3  Materials and methods
7.3.1  Aerial photography and maps
Aerial photographs from 1942–97 were used to map the progress of urban development
in the catchment (Appendix 2).  Most aerial photographs were available in stereo
overlap and were examined under a stereoscope.  Clear transparencies were used to
trace details over the stereo model of the catchment.  A photo-interpretation key was
devised to ensure consistent interpretation results (Appendix 3).160
Aerial photographs were scanned into a computer, and the 1992 photo set was used to
make a rectified air photo mosaic using Erdas IMAGINE software on a Sun IPX
workstation.  No more than 0.5 pixels of deviation from the GCP (ground control point)
was allowed.  A second-degree polynomial was used to fit the warped image (Erdas,
1995).  Ground resolution of the individual aerial photographs was 2 m and for the
mosaic 8 m.
The digital mosaic was used to map the most recent land cover and land use in the
catchment.
In addition to historical aerial photographs, the following maps were used to map the
progress of urban development:
1.  Australia, Department of Defense, Perth, 1’’ to 1 mile, (1919).
2.  Royal Australian Survey Corps, Perth, 1’’ to 1 mile, (1943).
3.  Royal Australian Survey Corps, Perth, 1’’ to 1 mile, (1954).
4.  Western Australia, Department of Lands and Surveys, Perth Metropolitan Street
Directory, 1:25 000, 1
st Ed, (Perth: The Department, 1964).
5.  Western Australia, Department of Lands and Surveys, Perth Metropolitan Street
Directory, 1:25 000, 15
th Ed, (Perth: The Department, 1974).
6.  Western Australia, Department of Lands and Surveys, Aerial Photographs Job No
840004, 1:20 000, (Perth: The Department, 1984).
7.  Western Australia, Department of Lands and Surveys, Perth Metropolitan Street
Directory, 1:20 000, 26
th Ed, (Perth: The Department, 1985).
8.  Western Australia, Department of Lands and Surveys, Perth Metro Series, 1:40 000,
(Perth: The Department, 1985).
9.  Perth 2034-II NW, Department of land Administration, 1:25 000 (Perth, The
Department, 1989)
10. Perth 2034-II SW-MULALOO 2034-IIISE, Department of land Administration,
1:25 000 (Perth, The Department, 1989).
7.3.2  Satellite images
Two SPOT satellite images obtained in January and September 1992 were used for land
cover mapping and qualitative mapping of impervious surfaces (Table 41).  Because161
only image classification results were compared, not the raw data, it was considered
unnecessary to apply atmospheric or sun-angle corrections.
Table 41: Characteristics of the satellite data.
SPOT
Band 1 0.50–0.59 µm (visible green)
Band 2 0.61–0.68 µm (visible red)
Band 3 0.79–0.89 µm (near infra-red)
Ground resolution 20 x 20 m
Dynamic range 8 bit
Satellite images were interpreted and classified using Erdas IMAGINE software on a
Sun IPX workstation and MultiSpec software (Landgrebe and Biehl, 2000) on a Power
Mac computer.
7.3.3  Urbanisation of the catchment
The growth of residential, commercial and industrial areas in the catchment was
mapped using aerial photography and old topographical maps where photography was
unavailable.  Change from one to type of development to another, such as from
residential to commercial, was not mapped.
Apart from aerial photography, topographic maps and street directories, some data were
also obtained from Jarvis (1986) and Arrowsmith (1839).  Large recreation areas such
as golf courses were excluded from mapping.  The pattern of growth was mapped for
the following periods: “at 1916”, 1916–43, 1943–53, 1953–64, 1964–77, 1977–87 and
1987–97.  Those periods were defined by the availability of aerial photography.
7.3.4  Land use
Land use was defined for this study as how the area was used; for example industry,
commerce or residential.  Initially, three sets of aerial photographs (1988, 1989 and
1992) were used to map land use in the catchment.  The original goal was to establish
the rate of change in land use and determine the accuracy of the interpretation method
used (Appendix 3).  Due to limited differences between the data sets, only the most
recent (1992) aerial photography was used.162
Aerial photo mosaic and topographical maps were displayed simultaneously using
ArcView software and land use polygons were digitised directly from the screen.  The
following parameters were recorded in the attribute file for each polygon: address,
surface area, land use and percentage of impervious surfaces within the polygon.
The land use and land cover classification scheme from Anderson et al. (1976) was
modified, and the following 11 categories were used: water, wetland vegetation, rural,
public open space, public purposes (e.g. schools, hospitals, university), residential (low,
medium and high density), commercial, industry and major roads (Table 42 and
Appendix 3).  Minor roads were included as part of the major land use of the polygon,
such as residential or industrial.
The scheme of Anderson et al. (1976) is a flexible hierarchical system for use at
multiple levels that depends on the level of detail and scale required by the application.
Level II classification definitions were modified slightly to improve description of land
use intensity.  When enough information was available from the source material,
classification was carried to Levels II and III (Table 42 and Appendix 3).
7.3.5  Mapping of impervious areas
This was completed using aerial photography and satellite imagery.  Aerial photographs
(stereo pairs) were viewed under a stereoscope and the grid on a transparency was used
to calculate the percentage of impervious surfaces within each mapping unit and for
each land use category, including minor roads.  Roads and paved and roofed surfaces
were counted as impervious.  The mean percentage-impervious area for each
subcatchment and each land use category was calculated.  The percentage-impervious
data were compared to a study of Perth Urban Water (Cargeeg et al., 1987).   Future
impervious areas were calculated based on drainage plans and predictions from the
Water Corporation of Western Australia.
The error in measurements of impervious areas was estimated at 1%.  This included
uncertainty of position due to data resolution, mis-identification of surfaces; e.g. the
possible confusion between metal or plastic covers for patios instead of pervious shade
cloth.  In some cases, the canopies of large trees may have obscured small sheds or parts
of driveways.  Surface material for driveways and carports may also have had different
permeability.  For example, old concrete slab paving is likely to be more pervious than
new paving and equally permeable to some brick paving.  In addition, parts of163
driveways may slope towards gardens and, therefore, not contribute towards direct
runoff.
7.3.6  Future changes in land use
Areas of impervious surfaces were measured on aerial photographs,  and the total area
of impervious surfaces in the catchment was computed for different development
options.   Several development scenarios were assessed (Table 46).  All scenarios
assumed no change in permeability within existing areas under commercial and
industrial use and no change in water areas.164
Table 42: The land use classification system for the Herdsman lake
catchment (modified from Anderson et al., 1976).
Level I Level II Level III Comment
100 Urban or
build up
110 Residential 111 Residential
low density
Residential buildings between
10-30 dwellings/ha.
113 Residential
medium density
Residential areas allowing
between 35-60 dwellings /ha.
115 Residential
high density
All areas devoted to housing
more than one family. Includes
apartments, duplexes, triplexes,
attached row houses, retirement
homes, nursing homes, and
residential hotels. Dwelling
density of 80/ha and above.
120 Commercial
and services
Areas dedicated to sale and
storage of goods.
130 Industrial 131 Light
industrial
Structures and their associated
grounds and facilities that are
used primarily to produce or
process some finished product
or as a wholesale distribution
centers.
140
Transportation
144 Major roads
and highways
Roads and railroads.
160 Public
purposes
Specialised government or
private institutions.
170 Public open
space
Developed open space in urban
settings used for outdoor
recreation.
200 Agriculture 220 Rural Structures and all associated
grounds used for raising plants
or animals for food or fibre.
500 Water 520 Lakes and
ponds
Area covered by water with less
than 25% vegetated or
developed cover.
600 Wetlands 620 Vegetated
wetlands
nonforested
Areas dominated by wetland
herbaceous vegetation which is
present for most of the growing
season.
700 Barren land 720 Beaches Natural sand beaches.
730 Sand and
gravel other than
the beaches
Undeveloped areas of the earth
not covered by water which
have less than 25% vegetative
cover.165
7.3.7  Land cover
Satellite images and the digital mosaic from aerial photography (1992) were classified
on the computer to make land cover maps.  The images were classified in two stages.
First, all discernible types of surfaces were described, and second, they were grouped in
to ‘super classes’ depending on their permeability characteristics.
The following criteria (modified from Anderson et al., 1976) were set for the scheme of
land cover mapping:
1.  The accuracy in mapping land cover categories should be 85% or better.
2.  Interpretation accuracy between categories should be approximately the same.
3.  The results should be repeatable between interpreters.
4.  The method should be applicable over large areas and using data from different
times of the year.
5.  Aggregation of land cover categories should be possible.
6.  Comparison with historical and future land use maps should be possible.
The results of the mapping using different data sets were compared based on the type
and number of discernible categories. The overall accuracy was also assessed using
stratified random sampling.
Data were classified into land cover categories by supervised classification (quadratic
likelihood) using MultiSpec image-processing software (Landgrebe and Biehl, 2000).
A confusion matrix (a measure of misclassification) was used to check classified images
for omission and commission errors (Richards, 1993; Landgrebe and Biehl, 2000; Dicks
and Lo, 1990; Congalton, 1991).
Because of seasonal differences between the data sets, a slightly different land cover
classification was used for each image (Table 43). Some surfaces such as grass were in
different condition in different seasons; and for the final comparison, surface areas of
the same permeability and land use were combined (Table 44).  These land cover
classes were further grouped into impervious, semi-permeable and permeable to allow
comparison between data sets.
The reason for grouping into semi-pervious categories was twofold.  First, the
resolution of the satellite data was only 20 m by 20 m for SPOT, which meant that land166
parcels smaller than that were averaged over the size of the pixel, resulting in mixed
pixels. Second, a number of surfaces, such as brick pavin,g allow some infiltration.  In
addition, some residential driveways and parking lots slope towards gardens, reducing
surface runoff.  For the same reasons, qualitative rather than quantitative permeability,
labels were assigned to image data. Field checking supplemented aerial photo and
satellite image interpretation.
Table 43: Land cover categories discernible on the January and
September SPOT satellite images.
January image September image Aerial photo-mosaic
Water-ocean Water-ocean Water-ocean
Water-wetland Water-wetland Water-wetland
Water-black colour Native vegetation Vegetation
Grass Grass Grass
Dry grass Dry grass Senescent Typha
Typha Typha Residential
Market gardens Senescent Typha Commercial/light
industry/roads
Native vegetation Native vegetation-light Null data
Dark native
vegetation
Sealed-dark
Sealed-dark Sealed-bright
Sealed-bright Sealed-freeway
Sealed-freeway Residential-low density
Residential-low
density
Residential-medium density
Residential-medium
density
Bare ground
Bare ground Beach sand
Beach sand Surf
Null data Null data167
Table 44: Land cover categories used in catchment mapping. Labels in
brackets indicate the degree of permeability: (p) =
permeable, (sp) = semi permeable, (im) = impervious and
(w) = water.
Aerial photo mosaic SPOT January and September images
Water (w) Water (w)
Wetland vegetation (p) Wetland vegetation (p)
Grass (p) Native vegetation (p)
Residential buildings(sp) Grass (p)
Commercial/light industry buildings
(im)
Residential low density buildings (sp)
Null data Residential medium density buildings
(sp)
Market gardens (p)
Bare ground (p)
Sealed surfaces (concrete, bitumen)
(im)
7.4  Results
7.4.1  Urbanisation of the catchment
A small proportion (i.e., 1%) of the Herdsman Lake catchment had been developed by
1916, which is consistent with general studies of the history of Perth settlement such as
Appleyard and Manford (1979).  The typical pattern of changes in land use was to clear
native vegetation for grazing and market gardens and to fill in the low-lying areas. At a
later stage, market gardens were converted into low-density housing, slowly increasing
the density to medium or high. In some cases, rural or low-density residential areas
were converted to commercial and light industrial.
The first part of the catchment to be urbanised was in the south-eastern and southern
part closest to the CBD and along main roads.  The fastest growth in development
occurred between 1953 and 1964, when the northern part of the catchment was
converted from mostly open space and market gardens to housing. During that decade,
an additional 27% of the catchment was developed (Figure 55). By the end of 1964, just
over 45% of the catchment area was urbanised (Figure 56).  Subcatchments 5, 6 and the
eastern part of subcatchment 3 were the earliest to develop.
Since 1987, the rate of urbanisation has levelled, mostly because few areas remained
available for development (Figure 56). These undeveloped areas comprised about 27%
of the catchment and included open water, wetland vegetation, rural and public open168
space (Figure 55). Some of the areas used as market gardens and covered by wetland
vegetation are being converted for residential land use (City of Stirling, 2000). This will
result in 80–90% of the catchment being developed.
As the catchment was being developed, the area covered by impervious surfaces was
also increasing (Figure 56).
7.4.2  Land use
Aerial photography provided high accuracy (over 95%) for land use mapping in the
catchment.  The single largest land use in the catchment was residential (60%), and
more than half of this was medium density. The second-largest land use was industry
(11%) (Figure 57 and Figure 61). Public open space occupied only 9% of the
catchment.
There were large differences in land use between the subcatchments (Figure 58).
Subcatchments 1 and 2 were predominantly medium-density residential. Subcatchment
3 was made up of two-thirds residential (mostly medium density) and nearly one-third
light industry. Subcatchment 4 was over 50% low-density residential and 25% public
purposes; i.e. a university campus, primary and secondary schools. Subcatchment 5 had
mostly low-density residential and some medium-density residential. Subcatchment 6
was highly developed, and the single largest land use (over a third) was industry and
medium-density housing. This subcatchment also had a relatively large proportion of
major roads (8%).  Subcatchment 7 was mostly water and vegetation; whereas,
subcatchment 8 was entirely low-density residential land use (Figure 58). Only
subcatchments 3 and 6 had industrial land use. Subcatchments 7 and 8 were not
included in the stormwater quantity and quality study.
7.4.3  Land cover
Compared to satellite data, aerial photography provided the least accurate results in land
cover mapping using computer-based classification.  This was particularly evident over
shallow or turbid water bodies, which were confused with wetland vegetation. Despite
the relatively high spatial resolution of the air photography data, separation of senescent
Typha and grass from residential areas was also poor.
Seasonal differences in surface reflectance were clearly visible on the satellite images.
Spectral reflectance of vegetation, particularly in the near infra-red, was markedly169
different in summer compared to spring. This translated to the same parcels of land
having spectrally different characteristics and hence being allocated to different
information classes. The biggest differences were for grass, wetland vegetation and
some residential areas (Figure 60).  In contrast, areas covered by native vegetation,
sealed surfaces and water were nearly the same on both images.  The area covered by
“grass” and “market gardens” was greater in January compared to September. In the
September image, market gardens were not distinguished from “grass”.  Similarly, there
was confusion between grass (dry and green) and wetland vegetation (dry and green)
between the seasons.  The area of “bare ground” increased in January.
Some categories of land cover were specific to the January or September data. For
example, senescent Typha or shallow coastal water were not detectable in the January
image (Figure 63 and Figure 64).  In addition, some categories were mapped as
different land cover using each satellite image. For example, using the January data it
appeared that there was more medium-density residential cover than low-density. The
reverse was noted using September data (Figure 60).  Due to higher water levels in the
wetlands in spring, the information class “water” occupied a larger area in the
September image compared to the January image.  The accuracy of classified satellite
images was above 95%, compared to 70% for aerial photography
7.4.4  Permeability of the catchment
More than a third of the catchment was classified as impervious. The average
percentage-impervious values for different land covers were similar to those found in an
earlier study in Perth (Cargeeg et al., 1987) and slightly lower than figures reported by
Wong et al. (1997) from a study in Santa Monica Bay, California (Table 45).
Roads had the highest percentage of impervious surfaces followed by industry and
commercial land use. Rural land use had the lowest area of impervious surfaces (Figure
59). Consequently, subcatchments with high percentages of roads, industry and
commercial land use also had the highest proportion of impervious areas
(subcatchments 3 and 6) (Figure 59).  The second-highest percentage of impervious
surfaces was in light industrial and commercial areas, which included a large shopping
centre, and was concentrated mostly in subcatchment 2.  These premises had large
showrooms, car parks and holding yards.  Commercial areas in the catchment had, on
average, a lower percentage of impervious surfaces than in the study by Cargeeg et al.
(1987), Wong et al. (1997), Ferguson (1998) and Dunn and Leopold (1978) (Table 45).170
Subcatchments 3 and 6 had a number of commercial premises, such as computer
software companies, offices for legal and accounting firms and various consulting
companies. These offices were located within miniature gardens and typically included
substantial landscaping with lawns, garden beds and ponds.
Areas zoned and used as low- and medium-density residential also had relatively low
percentages of impervious surfaces compared to the average for the Perth metropolitan
area (Cargeeg et al., 1987) (Table 45).  This is expected to change as land prices
continue to increase and as old single houses on large blocks are demolished and
replaced with higher density dwellings with more paved areas for parking and outdoor
entertainment, fewer gardens and, consequently, more runoff.
Approximately 32% of the catchment was impervious in 1992–93 (Figure 56). The
proportion has been increasing in parallel to the rate of development in the catchment.
There were large differences in the permeability index derived using visual and
computer-based methods.  Computer-image classification resulted in catchments being
subdivided into four categories: impervious, semi-pervious, permeable and water.
Visual interpretation required only three categories: impervious, permeable and water.
Satellite data gave an underestimate of the impervious category.  Visual interpretation
and measurements on aerial photographs gave a higher percentage of impervious
surfaces — nearly 40% of the catchment compared to 12–18% with the computer based
method (Figure 65).  If semi-permeable areas identified using computer techniques are
included in the assessment, however, the results between visual and computer-based
techniques are comparable.  Assessment of the area covered by open water was
overestimated using computer-based interpretation of aerial photography (Figure 65).
7.4.5  Development scenarios
In 1993, 31.3% of the Herdsman Lake catchment had impervious surfaces, and this
figure appears to be steadily increasing (Figure 56). From the number of scenarios
considered, it appears that given the current pattern of urban infill, it is quite likely that
up to 50% of the total catchment may become impervious by 2005 (Table 46).171
Figure 55: The progress of Herdsman Lake catchment development
between 1916 and 1997 based on the interpretation of aerial
photography and historical maps.
Figure 56: The rate of urbanisation and the percentage of the catchment
covered by impervious surfaces.172
Figure 57: Land use in the Herdsman Lake catchment in 1993.173
Figure 58: Land use in subcatchments of Herdsman Lake in 1993.174
Figure 59: Average existing and future impervious areas in the
subcatchment of Herdsman Lake.
Table 45: Percentage of impervious surfaces in this study compared to
other investigations in Perth (Cargeeg et al., 1987) and
California (Wong et al., 1997).
Land cover Average percent
impervious from
aerial photographs
Percent
impervious
(Cargeeg et
al., 1987)
Percent
impervious
After Wong
et al.
(1997),
modified
Percent
impervious
after Ferguson
(1998); Dunn and
Leopold (1978),
modified
Water 0 0 - -
Wetland vegetation 0 0 - -
Rural 10 0 - -
Public open space 17 1 0 10–40
Public purposes 22 25–80 80 -
Residential low
density
28 17 42 20–30
Residential medium
density
30 31 - 30–40
Residential high
density
35 52 68 60
Commercial 60 90–99 92 85
Light industry 71 40–74 91 72
Major roads 90 60–90 - 98175
Table 46: The effect of land use changes in the catchment on the area
covered by impervious surfaces.
Development scenario Area under
impervious surface
(ha)
Percentage of the catchment
becoming impervious
Current impervious areas 944.31 31.25
All rural converted to residential with
average 30% impervious
963.64 31.89
All rural and 50% of wetland vegetation
converted to residential with average
30% impervious
986.97 32.66
All rural and 50% of wetland vegetation
and 50% public open space converted
to residential with average 30%
impervious
1029.08 34.05
All low density residential were
converted to medium density (35%
impervious)
989.26 32.74
All medium density were converted to
high density of 40% impervious
1044.84 34.57
For the following categories: no change
in water areas, industrial and
commercial land use, allow 50% of area
under wetland vegetation to be
developed and change existing %
impervious to:
30% impervious 1079.06 35.71
40% impervious 1319.37 43.66
50% impervious 1559.67 51.61
60% impervious 1799.98 59.56
70% impervious 2040.29 67.51
80% impervious 2520.90 83.42176
Figure 60: Land cover classes in the catchment of Herdsman Lake,
based on January and September SPOT satellite data.177
Figure 61 A land cover map of the Herdsman lake catchment, based on
visual interpretation of aerial photography.178
Figure 62: A land cover map of the Herdsman lake catchment, based on
computer-based interpretation of aerial photography.179
Figure 63: Land cover of the Herdsman lake catchment, based on
January satellite image.180
Figure 64: Land cover of the Herdsman lake catchment, based on
September satellite image.181
Figure 65: Permeability of the catchment based on visual aerial
photography interpretation and computer based classification
of aerial photography, September and January 1992 SPOT
satellite images.
Figure 66: The average permeability (existing and future) of different
types of land uses, based on aerial photography.182
7.5  Discussion
7.5.1  Urbanisation of the catchment
There are many effects of urbanisation on catchment characteristics, water levels and
water quality in rivers and wetlands; e.g. decreased vegetation cover, increased water
pollution, altered hydrologic regime and decreased habitats.  There are also many
hydrologic effects when urban land use changes from lower to higher intensity (Table
47).
Table 47: Hydrologic effects of high and low intensity of urban land
use.
Low density or
pre-development
High density
Percentage impervious surfaces low high
Total volume of runoff and pollution low high
On-site absorption of runoff and pollution high low
Discharge velocity/erosion potential low high
The most significant effect of urbanisation in the Herdsman Lake catchment has been
the removal of native vegetation cover, most of which was deep-rooted. This raised
water levels locally due to decreased evapotranspiration.  Similar trends for other
wetlands on Swan Coastal Plain have also been observed (Cargeeg et al., 1987;
Townley et al., 1993).  This is somewhat different to other urban areas, where an
increase in paved areas resulted in a lowering of the ground water table due to decreased
recharge (for example, Atwood and Barber, 1989).
As previously mentioned, the Herdsman Lake catchment has mostly sandy soils with
high infiltration coefficients. The area for groundwater recharge extends a few hundred
kilometres to the east, well beyond the eastern boundary of the Swan Coastal Plain.
The total volume of stormwater in the metropolitan area and in the Herdsman Lake
catchment has also been increasing due to the increase in impervious surfaces and
changes to the runoff characteristics (Cargeeg et al., 1987).  It would be expected that
the groundwater table and the lake levels would fall in response to increasing
urbanisation due to a smaller area available for recharge.  This has occurred at
Herdsman Lake because the groundwater recharge area lies far beyond the urban areas.
In addition, extensive drainage and lake level controls were implemented by the late
1920s, when only 5% of the catchment had been urbanised.  A large number of183
domestic and commercial bores have also been allowed to pump the upper, unconfined
aquifer.
The net result has been a slow, steady decrease in Herdsman Lake water levels until the
1970s and, since then, apart from seasonal variations, fairly stable levels.  With
increasing urbanisation and especially a larger area of impervious surfaces, one can
reasonably expect increased runoff volume and velocity, and increased pollution load in
receiving waters.
Changes in water levels may also affect bird populations using the lake.  Undoubtedly,
changes in water levels would favour some species more than others because of
different feeding and breeding strategies.  Moats artificially created during development
of housing estates provide deep water suitable for swans, coots and ducks.  Currently,
the central wetland remains wet in summer and relatively shallow in winter.  These
conditions provide suitable habitat for waders such as herons, egrets and swamp hens.
Those birds that feed on Typha (such as the swamp hen) will remain along the narrow
strip surrounding the moats.  If any permanent water rise were to occur, this would
increase the amount of open water environment and the expanse of shallow, wading
areas.  It is also likely that any substantial increase in water level would contribute to
the decline of Typha beds.
7.5.2  Land use mapping using aerial photography
Whilst very accurate, the visual interpretation techniques used for land use mapping are
time consuming.  Using more interpreters can reduce the time for interpretation, but
there would be a need for quality control to ensure consistency in interpretation between
interpreters.  A typical component of quality control is the use of photointerpretation
keys such as those in Appendix 3.  The most difficult areas to resolve were areas of
mixed urban, commercial and light-industrial land uses. While existing zoning maps
showed the land uses permitted under the current regulations, field visits were necessary
to verify the nature of the premises.  Equipped with palmtops or laptops and constantly
improving GPS technology, future updates of such detailed land use maps may be
undertaken in the field.184
7.5.3  Land cover and permeability mapping using remote sensing
Differences in land cover and permeability mapping results between aerial photographs
and satellite images can be attributed to the interpretation methods used as well as to
spectral, spatial and temporal characteristics of the data.
Visual interpretation of aerial photographs
This method provided the most accurate measure of the area covered by impervious
surfaces. It was also the most time consuming.  On average, it took eight hours to
interpret, verify and calculate these figures for the whole catchment — two hours per
stereo pair of photographs.  One possible way to speed up the process would be by
subsampling different land covers.
Computer-based image classification
In comparison to the previous method, computer-based classification of aerial
photography and satellite images was much faster.  Each image took one hour, and all
three digital data sets took just under half a day to interpret and verify. The
classification results of land cover using computer-based technique were highest for
spectrally homogenous areas.  In addition, the more spectrally different the information
classes were, the better was the separation between the classes.  This was expected,
since with the maximum-likelihood classifier, class separability is a function of the
class variance and the distance between class means.
Aerial photo mosaics, while having better spatial resolution, proved to be less accurate
than satellite images. This was mostly because of the lack of an infra-red channel and
because the visible channels were highly correlated.  For example, discriminating
between dark, sealed surfaces (or other surfaces in the shadow of buildings), some
water bodies and stands of tall vegetation was difficult.  In addition, some areas covered
by dry grass were incorrectly mapped as commercial, and senescent Typha was often
confused with residential areas.  Without masking out certain areas of known
occurrence of Typha, for example, this type of misclassification may only be overcome
by adding an infra-red channel to the data.
In summary, lack of an infra-red channel in the photo mosaic made it very difficult to
discriminate between senescent vegetation and bright sealed surfaces, and between live
vegetation and dark sealed surfaces.185
At high spatial resolution, many factors affect the reflectance of mixed-use urban areas;
for example, the height of buildings and trees, roof colour, the density of trees and their
canopy size, soil moisture, ground cover and sun angle.  These factors were less
important for homogenous classes such as water, green wetland vegetation and green
grass.  For these surfaces, the broad environmental factors, such as species of plant
density, did not affect classification accuracy.  This was supported by high classification
accuracy compared to lower accuracy for classes that were spectrally more
heterogeneous such as residential areas.
There are several ways of improving computer-based classification of aerial
photography, These include the use of false colour infra-red, masking out areas of water
or other homogenous surfaces, and carrying out two-tier classification, differentiating
between spectrally homogenous and heterogeneous surfaces.
The main disadvantage of the computer-based approach was the need to divide land into
categories that were spectrally separable, but that did not directly correspond to the
desired outcome of permeability categories. Not withstanding the additional step in
interpretation, however, computer-based results were comparable with visual
interpretation.  It is likely that with better spatial resolution (e.g. 1 m, comparable to
aerial photography) and spectral resolution (i.e. more infra-red channels) such tasks
would become simpler.  Increased data resolution would increase the file size, data
processing time and the cost of data.  Other studies of land cover and land use using
digital image classification of lower and higher spectral and spatial resolution data have
shown that the latter do not necessarily produce more accurate results (Toll, 1985;
Haack et al., 1987; Khorram et al., 1987, Howarth et al., 1988, Quarmby et al., 1988).
The reason that the higher spatial resolution data often produces poorer results can be
attributed to the higher spectral variability within any particular land use.  For example,
on an image with 20 m resolution, certain areas of residential or commercial land use
have a fairly uniform or homogenous appearance. On the other hand, on a image with
1 m resolution, finer details of all the components of an urban area can be distinguished,
such as tree canopies, lawns, rooves, swimming pools, parking areas, roads and so on.
In other words, individual land cover dominates pixel information leading to
heterogeneity among pixels within the same land use.186
7.5.4  Development scenarios
While few development scenarios were considered (Table 46), the single greatest
impact on runoff would occur if the amount of impervious surfaces in existing
developed areas were to increase.  Development of rural or open space areas to low- or
even medium-density residential areas would have much lower impact on permeability,
mostly due to their relatively small area.
Residential areas of medium-to-high density will most likely present the greatest
challenge for managing the quality of urban runoff. More specific or prescriptive
guidelines about paving materials, on-site retention and treatment may become
necessary in the future.
7.5.5  The quality of stormwater and land use in the catchment
There did not appear to be any relationship between pH, conductivity and land use or
land cover in the catchment.  Total suspended sediment loads were consistently highest
from subcatchments with the highest proportion of low-to-medium density residential
areas (subcatchments 2 and 5); however, subcatchments with the second-highest
proportion of residential areas had the lowest sediment loads.  This is most likely
because in low-to-medium density residential areas there are still many green road
verges acting as traps for sediments; i.e. vegetative strips.  In an agricultural catchment,
vegetative strips have proven to be effective in removing between 10–80% of sediment
and sediment-associated nutrients from overland runoff (Williams and Nicks, 1993).
Two subcatchments (3 and 2) with the highest concentrations of total suspended solids
also had the highest proportion of industrial and commercial land use.  This is similar to
the result of a long-term study in Kyoto City (Yamada et al., 1993).
Nutrient concentrations were typically highest in areas with a high percentage of roads,
industry, commercial and residential areas (subcatchments 2, 3 and 4).  Rural and open
space land use did not appear to be contributing high nutrient loads in dissolved or
particulate form.
Highest concentrations of heavy metals were attributed to roads, industry, commercial
and high-density land uses (subcatchments 3 and 6).187
It appears that most sources of pollutants in stormwater runoff were non-point sources
— except between sites 5 and 6, where extremely high concentrations and loads of
ammonia suggest the dumping of waste.
7.5.6  Possible solutions
Stormwater impacts identified in this study were on the receiving waters in the lake and
the near-shore environment of the outfall drain.  There are three main management
options for improving urban stormwater quality in Herdsman Lake:
1.  on-site treatment;
2.  a reduction of non-point pollution sources (NPS); and
3.  treatment in created wetlands.
On-site treatment and reduction of non-point sources form a part of the responsibilities
of individual landowners or site managers as well as integrated catchment management
coordinated by local government agencies.  There are numerous options for on-site
treatment (Table 48); however, discussion of these is outside the scope of this study.188
Table 48: A summary of urban drainage problems, causes and possible
solutions (after Krejci et al., 1994, modified).
Problem Location Cause Examples of possible solutions
catchment drains receiving
waters
deposits of
particulate
matter
receiving
water,
vicinity of
discharge
point
particulate
matter in the
catchment,
mobilisation of
sediments in the
drains
street cleaning,
interception of
suspended solids
create
structures in
the drains to
allow for
sediment to
settle
retention
ponds before
entry to the
receiving
waters
hydraulic
load
receiving
water,
vicinity of
discharge
point
discharge of
stormwater
infiltration of
rainfall- runoff
modify drain
morphology
(profile,
substrate)
hygienic
problem
receiving
water,
vicinity of
discharge
point
bacteria,
viruses, worm
eggs
infiltration of
rainfall- runoff
eutrophi-
cation
receiving
waters
nutrients
(N, P)
source control,
public education
vegetate banks
of drains, to
allow
vegetation to
trap nutrients
in the runoff
retention
ponds before
entry to the
receiving
waters,
biological
filters
chronic
toxicity
receiving
waters
heavy metals,
pesticides, oils
and surfactants
source control,
detention,
treatment
acute
toxicity
receiving
waters
toxic
substances,
degradation of
organic carbon,
pH, low oxygen
levels
source control,
detention,
sanitary and
industrial
sewage
treatment
aesthetic
problem
receiving
waters,
drains
debris in flowing
drain water,
rubbish
accumulation at
the drain banks
frequent street
cleaning,
cleaning of
drains, public
education
screening of
debris
The control of non-point source pollution in the Herdsman Lake catchment can be
achieved through solutions based on infiltration, sedimentation, wetland-based practices
and other options such as vegetated strips and sand or peat filters.  In general, wetlands
appear to be one of the most effective of all the practices (Knight, 1992; Scholze et al.,
1993).  Results of this study confirm that the efficiency of pollutant removal can be as
high as 90% even during a storm event (see Chapters 5 and 6).189
Most toxic compounds are relatively easily immobilised by the particulate and colloidal
organic matter present in wetlands. Anoxic environments that are present at most
wetlands help to reduce sulphates to sulphides; for example, many toxic metals
precipitate as sulphides.  It has also been shown that peat, present at many wetlands,
including Herdsman Lake, helps to absorb hydrocarbons (Gosset et al., 1986; Cohen et
al., 1991) as well as metals (Gordine and Adams, 1994).  In addition, volatilisation and
biodegradation of PAHs has been shown to be very efficient in wetland environments
(Leduc et al., 1992).
A number of environmental, technical, economic and social issues must be considered
before applying any of the above mentioned solutions to impacts of stormwater.
Environmental and technical issues
These issues can be summarised as pollution audits, water quality considerations, the
protection of groundwater and design criteria for created wetlands.
Pollution audits
One method for the initial auditing for non-point source pollution has been to use
Geographic Information Systems (GIS) (for example, Turner and Ruffio, 1993).  Data
on land use and land cover presented in this chapter form a good background for such a
system.  These GIS-based systems are very useful in isolating pollution hotspots.  The
three most important technical issues are the criteria for the water quality, the protection
of groundwater and design models for treatment wetlands.
Water quality
Criteria for the quality of the outflow from treatment wetlands would depend on what is
downstream: another treatment wetland, Herdsman Lake, or the ocean.  Such criteria
would need to be flexible to allow for seasonal variation in flow.  Mean seasonal loads
may be more appropriate than of mean concentrations, which are currently used.
Groundwater
Groundwater may be at risk of contamination from created wetlands.  At present, there
are no guidelines in Western Australia for created or restored wetlands with relation to
potential contamination of the groundwater.  Smith and Allen (1987) identified190
urbanisation and urban runoff, in particular, as a potential threat to the quality of water
in the unconfined aquifer on the Swan Coastal Plain.
While some created wetlands on Swan Coastal Plain may have been lined with clay or
plastic, this has been applied to limit the input of superficial groundwater and improve
the efficiency of created wetlands, rather than for the protection of groundwater (Water
& Rivers Commission, 1998).  Previous studies have indicated that even when soil
contamination around and beneath urban runoff infiltration systems was considerable,
the pollution was attenuated significantly with depth; however, well absorbable
contaminants did accumulate in surface soils and sediments and worked as an effective
pollution sink (for example Mikkelsen et al., 1997 and Mikkelsen et al., 1994).
Pollutants accumulating in the soil and sediments may eventually pose environmental
problems.
Because the Perth metropolitan area relies so much on groundwater supply for drinking
water and given the large number of light-industrial premises in the catchment, the
potential for urban stormwater contaminating the groundwater and the mechanisms of
pollutant dispersion beneath the infiltration system should be investigated.
Models for treatment of wetlands: the basal model
The Herdsman Lake catchment operates on a basal model where the main body of water
processing the runoff is at the bottom of the catchment. It is likely that a distributed
model (i.e. a number of wetlands scattered throughout the catchment) would be more
effective in controlling pollutant load.
In general, the main advantage of the basal model is that only one (however large)
wetland has to be located in the catchment.  The disadvantage is that all problems
related to contamination are concentrated there. The ability of such a large wetland to
process, filter and absorb the incoming pollutants may be limited due to the large
volume of water or relatively short residence time as well as long-term effects related to
release of pollutants from sediments.  There is unlikely to be sufficient area in the
Herdsman Lake catchment to construct such as wetland unless areas already developed
are sacrificed.191
Models for treatment of wetlands: the distributed  model
There are three main advantages of a distributed model.  First, it has the ability to deal
with smaller volumes, lower flow rates, and to “customise” each wetland to pollution
types required by each subcatchment.  For example, some areas may have a problem
with phosphorus loading, others with dissolved nutrients or heavy metals.
Second, each treatment wetland would be physically closer to the source of pollution
and in some cases, where the link between source and sink may be directly made, it
could be possible not just to treat the pollution more effectively but also to reduce or
eliminate the source. For example, Mitsch (1992) found that, due to increased detention
time, created wetlands built upstream had much higher retention rates of TSS and
phosphorus than wetlands in downstream locations.
Third, the distributed model limits the overall movement of water and pollution within
the catchment.  This model would best suit the Herdsman lake catchment because of
space requirements, the cost of construction and maintenance, proximity to the source
and also because it could be implemented in stages over a number of years.  Longer-
term implementation would have the advantage of spreading the costs but also
providing the opportunity to fine-tune the system to function more effectively in years
of different rainfall.
“Riparian” wetlands distributed in the catchment and located alongside existing drains
upstream from Herdsman Lake could be effective in trapping sediments and stripping
dissolved nutrients from the water.  Considerable land reserves on both sides of the
drain exist in many sections of the catchment, and this may be a significant logistical
and economic advantage over other options.  Other technical design issues may involve
bank erosion control, suitable water levels, ongoing maintenance (e.g. harvesting of
sedges, removing sediment), and suitable bank design to prevent drowning and injury
(Ferguson, 1998; DLWC, 1998; Knight, 1992).
There is also an option to modify the layout of the drains to restore them to resemble
natural streams rather than drains.  Such modifications have been carried out by local
councils and the Water Corporation of Western Australia in parts of the Perth
metropolitan area with large success; for example, in East Perth.192
Treatment in created wetlands
The most important point regarding management of stormwater is that restored or
created wetlands — not natural wetlands with high conservation values such as
Herdsman Lake — should be used for controlling stormwater quality.  As mentioned
earlier, properly designed artificial wetlands can adequately serve a role in stripping
sediment, nutrients and heavy metals and other toxicants from urban runoff as well as
providing ancillary benefits (Knight, 1992). There are a number of pollutant-removal
pathways in wetlands: adsorption, precipitation, sedimentation, filtration, volatilisation,
biodegradation and photodegradation (Scholze et al., 1993; Knight, 1992). Van der
Valk and Jolly (1992) identified wetlands as possibly the most “cost-effective sinks” for
pollutants.  For example in the USA, created and restored wetlands are used very
extensively in urban and rural catchments for non-point source pollution control (for
example Whittaker and Terrell, 1992).
While there has been much success in the use of constructed wetlands for waste water
treatment, this is partly because the chemical composition of this waste is constant;
hence, the design criteria can be optimised for the local conditions.  This is in contrast
to urban or agricultural runoff, which varies over time in quantity and composition
depending on the activities in the catchment and rainfall characteristics.  It is thus
possible to construct a wetland system for waste water treatment (i.e. tertiary treatment)
using published effluent data; but for urban or agricultural settings, one would need to
obtain site-specific concentrations and loads.  Results from this study could be used to
design constructed wetlands to suit each subcatchment of Herdsman Lake.  Well
designed stormwater treatment ponds are not only effective in treating stormwater
before it enters the lake but may also add to the value of properties — especially if well
landscaped and integrated into the life of local community.
Insect control is an additional issue for a wetland such as Herdsman Lake that are
located in an inhabited area, especially for vectors of disease such as mosquitoes and
nuisance midge swarms.
Social and economic issues
These may ultimately be the deciding factors as to whether and how pollution
mitigation will proceed. (See the technical issues above.)  Some authors (for example
van der Valk and Jolly, 1992) suggest that while technical issues are not trivial, many
organisational, political, social and economic issues are often the biggest obstacles.193
Such projects not only need to meet environmental but also economic and social goals
and criteria. Locating created or restored wetlands needs to involve key decision-
making agencies in the catchment. While the Water Corporation of Western Australia is
the main agency responsible for drainage in the catchment, local councils, the Main
Roads Department, the Department of Urban Planning and Development, the Water and
Rivers Commission and the Department of Conservation and Land Management also
have vested interests.  Private land owners in the vicinity of the proposed sites also need
to be consulted.  All stakeholders would need to cooperate, and one agency would need
to take the leading role in such a process.
The size and shape of the treatment wetlands will also need to be agreed toby all parties.
If the wetland is too small, its effectiveness will be reduced. On the other hand, if the
subcatchment where runoff originates is too large, the bureaucracy required to establish
and maintain a stormwater management program may be too costly and ineffective.  If
there are too many landowners involved, agreement may be very difficult to reach.
Given the recent history of management of Herdsman Lake, where it has taken more
than 20 years to reach the initial stages of writing and implementing a management plan
for the lake, progress in the future is likely to be just as slow.  Reasons for this situation
are numerous, but obstacles include the large number of different agencies involved,
difficulties in coordinating catchment-based planning and management and a lack of
agreement regarding priorities for lake management.
Finally, to be economically acceptable and viable, created or restored wetlands in the
Herdsman Lake catchment should be designed at low cost and require minimum
maintenance and effort.
One possible mechanism for integrating the number of technical, management, social
and economical issues are best management practices.
Best management practices
Generally, best management practices (BMPs) for managing stormwater in urban areas
include a number of tools. These are integrated catchment management and land use
planning, stormwater management plans, treatment options and engineering
infrastructure (Lawrence et al., 1997).194
Analysis of results in this study suggest that the main objective of a best management
practice in the Herdsman Lake catchment should be to reduce pollutants from runoff
before they enter the receiving body using less intensive and less expensive choices of
all maintenance measures available to control water quality. There is also a need to
isolate the removed pollutants if they pose a threat to groundwater or wildlife, to
identify pollution “hotspots” and for management to focus on key land uses contributing
to pollution.
For example, in the cities, motor vehicles “generate” more impervious surfaces than any
other land use activity (Ferguson, 1998).  As discussed in Chapters 5 and 6,
subcatchments with the highest proportion of roads generated high TSS, particulate
nutrients and metal loads.  In an effort to reduce the total volume of runoff and to
improve the quality of runoff, parking lots and roads should be targeted as a part of
integrated catchment management.  As one possible solution, pavement materials could
be chosen to have increased surface permeability while still maintaining structural
integrity.  In cases where paving lots are used less frequently, materials such as grass or
gravel may be adequate.  They generally have lower maintenance cost and may improve
the appearance of an area.  In some of the newer, more “exclusive looking” housing
subdivisions around Herdsman Lake, paving has been used instead of bitumen on the
roads. This has been done mostly for aesthetic reasons, rather than for stormwater
management.
Two types of criteria may be used to measure the efficiency of best management
practices at Herdsman Lake.  First the efficiency of removal of the total mass of
pollutants to safe concentrations, and second, the degree of removal of toxicity.
7.6  Conclusion
The Herdsman Lake catchment is highly urbanised and appears to have reached the end
of its rapid urbanisation phase.  The only areas still undeveloped are wetland areas and
public open space.  Over one-third of the catchment is sealed by impervious surfaces.
With the continuing trend of urban infill, which aims to increase development density
especially in housing, the percentage of impervious surfaces in the catchment will rise.
Satellite images provided cost effective, rapid and accurate assessments (over 95%
accuracy) of land cover, use and permeability of the catchment.  This method is
favoured over manual interpretation of aerial photography because it is repeatable,195
results are easily transferable to a GIS database, and change detection is readily
facilitated using computer techniques.
The main land uses in the catchment were residential, light industrial and commercial.
These are also the land activities that generate high concentrations and loads of total
suspended solids, nutrients and heavy metals.  The environmental and technical issues
of managing stormwater pollution in the catchment are likely to be less difficult than
social and economic issues.  Unless a number of best management practices are rapidly
implemented in the catchment, water quality in the lake and near the ocean outfall — as
well as the landscape values and the quality of wildlife habitat — will continue to
deteriorate.196
8  Summary
Like all wetlands, Herdsman Lake performs many functions: physical, chemical and
biological.  Some of those wetland functions include water storage and flood protection,
nutrient absorption and recycling, storage of nutrients and sediments, photosynthetic
production, secondary food chain production, provision of diverse habitats for biota and
aesthetic, recreational and educational human uses.  It is useful to emphasise again that
for many people in the community, wetlands are very valuable assets in any
environment, but especially in an urban setting.
As noted above, the importance of Herdsman Lake has been recognised as a wildlife
habitat, and it has been declared a nature reserve and will soon become a regional park.
This study concentrated on quantifying water storage and pollutant retention of the lake;
however, due to its location in the heart of the metropolitan area, Herdsman Lake is
likely to be increasingly important for a number of human activities.
Some of the human uses of Herdsman Lake include bike riding, walking and bird
watching.  The lake offers facilities such as playgrounds, model boat club, bird hides
and wildlife education centre.  These can be used by the local residents and the wider
community for research, recreation and nature discovery.  For many years, schools and
universities have used the lake as a basis for environmental studies.
Over time, the relative importance of lake‘s physical, biological and chemical wetland
functions, especially in relation to humans, has been changing (Table 49). For example,
after European settlement, Aboriginal use of the wetlands in Perth declined rapidly
because the local tribes were being pushed away to more rural settlements.
Progressively, as scores of other wetlands were filled for urban development, the
ecological and biological functions of Herdsman Lake became more important at the
catchment and regional scale.  Most recently, the lake was declared a nature reserve,
and an environmental education facility was built on its shore.  As a consequence, its
natural values are being appreciated more.  There is, of course, much subjectivity in
such an assessment of wetland functions.  In this case, I attempted to rank the functions
at a catchment and regional scale.197
Table 49: Changes in relative importance of the primary functions of
Herdsman Lake over time.
Time period Dominant function Relative value
Pre-human era Biological and ecological functions High and constant
Aboriginal use
(approx.
40,000–1850s)
Biological and ecological functions
Food and water source for Aboriginal tribes
High and constant
Medium and
seasonal
Post European
settlement
(1950s–1970s)
Biological and ecological functions
Cropping and grazing
Water source for stock
Flood protection
Wildlife habitat
Medium and
constant
Medium and
seasonal
Medium and
seasonal
Medium and
seasonal
Medium and
seasonal
1970s–1990s Biological and ecological functions
Cropping and grazing
Flood protection and water storage
Wildlife habitat
Nutrient and sediment retention
Recreational, aesthetic, educational and
research values
High and constant
Low and seasonal
High and seasonal
High and constant
High and constant
High and constant
As the urbanisation of the catchment progressed (see Chapter 7), the general quality of
the lake environment and its surrounds declined.  Whilst it may be possible to use
specific “environmental health” indicators such as water quality, native vegetation cover
in the catchment, the presence of weeds or the presence of indicator invertebrate
species, it is the synergistic effect that gives the best description of the status of the lake.
 Indeed, any single indicator could be misleading.  For example, Herdsman Lake
supports over 50 species of birds, but this does not demonstrate the diversity of the lake
environment, nor does it indicate whether it has a high “environmental health” status.
Loss of wetland habitat has been enormous and only 30% of the original wetlands are
left on the Swan Coastal Plain (Riggert, 1966; Seddon, 1972; Bekle, 1981; Halse, 1989;
Balla, 1994).  Those that remain, like Herdsman Lake, are often overcrowded with bird
life.198
8.1  What has this study established?
In relation to the first aim of this study (section 1.3), which was to collect data on urban
runoff, including four storm events, these data were collected over two years.  During
the study, rainfall was above average in 1992 and below average in 1993.  Mean
evaporation for 1992–93 was also higher than the long-term average.  Lake water levels
have decreased by approximately two meters since the catchment was drained in the late
1920s.  Lake water levels were at a minimum in mid-autumn and a maximum in late
spring.  Flow characteristics differed between the sites, reflecting catchment
characteristics.  Rain intensity and duration were less important than surface
permeability.
When compared to recommended water-quality guidelines for receiving waters
(ANZECC, 1992), only pH and conductivity met the desired criteria (Aim 2, section
1.3). Average seasonal flows and discharge were proportional to rainfall and were
higher in 1992 compared to 1993.  There was a year-round flow at all sites, except site 5
on the southern edge of the lake.  There was flow out of the lake even in the dry season.
Winter and spring storms resulted in the highest average discharge and flow velocity;
summer had the lowest.  The water balance showed excess water in the lake in spring
and a deficit in autumn.  The control site had up to 50% lower flows and discharge
compared to the exit drain.  While the drains’ design discharge was never exceeded,
many drains did overflow, especially during storm events, usually due to poor
maintenance.
The pollutant load varied with rainfall during both years of the research program.
Particulate nutrients and total suspended solids were proportional to rainfall, while
heavy metal concentrations were not. Despite the large size of the catchment, land use
practices and pollutant availability appear to be just as important as hydrodynamics for
explaining the load and concentrations of pollutants.  The majority of total suspended
solids, nutrients and heavy metals were retained by the lake system; however, the lake
did not retain total dissolved solids.  Copper was the only metal present at higher
concentration in the water flowing out compared to inflow.
The average nutrient load was proportional to rainfall except for most dissolved forms
of nutrients; i.e. PO4-P, organic phosphorus and NH4-N.  Contrary to expectations,
winter and spring did not result in lower pollutant concentrations of nutrients or heavy199
metals, except for PO4-P.  Of the dissolved nutrients measured, only organic phosphorus
and nitrate had higher concentrations during wet weather.
The concentrations of nutrients and metals were always higher during storm events
compared to background flows.  Storm events of high rainfall resulted in high pollutant
loads of suspended solids and total phosphorus, but not total nitrogen; however, storm
events of high intensity resulted in high nitrogen concentrations but not total suspended
solids and total phosphorus.  A longer antecedent period between storm events resulted
in higher total suspended solids and heavy metal concentrations and loads but had no
effect on total phosphorus and total nitrogen.  Contrary to expectations, winter and
spring storms did not have lower pollution loads compared to “first flush” events in
summer or autumn.
In reference to aim 3 (section 1.3), which was to investigate the importance of
background flows, this study found that background flows were important in regard to
water balance and pollutant transport, carrying large concentrations of pollutants,
especially in a dissolved form. This study established the importance of monitoring base
flow as well as storm events to assess pollutants retention rates.  The background
discharge and average seasonal discharge were higher for areas with more impervious
surfaces compared to areas with more permeable surfaces.
Aim 4 of this study was to determine the proportion of pollutant loading entering the
lake in stormwater that remains in the lake.  The study found retention rates of over
85% for all pollutants (except total dissolved solids and copper) during storm events
and in base flow (aim 4, section 1.3).  The performance of Herdsman Lake as a
pollutant sink was evaluated using the methods of Kadlec and Knight (1996) and Reed
et al. (1995).  Both methods identified phosphorus as the limiting design factor; that is,
the pollutant that requires the largest area for treatment.  Both methods identified the
lake area required for treatment to be between 1.3 and 24 times the current wetland size.
The method of Reed et al. (1995) appeared the more appropriate, since it used
temperature-dependant equations; whereas, the Kadlec and Knight (1996) method
assumes a constant temperature.
In relation to aim 5 (section 1.3), which was to document urbanisation of the catchment,
this study found that by 1993, more than 80% of the catchment had been developed, and
the most rapid period of development was 1953–64.  Over 32% of the catchment was
covered by impervious surfaces; and this, combined with activities in the catchment,200
contributed to a high pollutant loading in stormwater. Satellite data provided an
accurate, rapid and cost effective method to assess land cover and catchment
permeability.  Aerial photography was very accurate, but slower and more open to
subjective interpretation than satellite data.
In reference to aim 6 (section 1.3), it appears that if the current trend of urban infill
continues, more than 50% of the catchment may become impervious in the next decade.
Of the development scenarios considered, it appears that the greatest impact on the
water quality of stormwater will be if the amount of impervious surface in existing,
developed areas increased.
8.1.1  Drainage control and water quality
The quality and quantity of water entering the lake depends to some degree on
groundwater flow.  Some drains intercept groundwater and flow all year around;
however, as shown in Chapters 4–6, surface water runoff and its characteristics are of
initial greatest importance. Regulation of discharge into the required drainage system is
controlled under the Metropolitan Water Authority Act.
8.1.2  Nutrient enrichment
In Australia and other countries, anthropogenic eutrophication of water bodies is one of
the most important problems in water resources management and conservation.  The
natural process of aging and progressive eutrophication of wetlands is accelerated when
nutrients arising from human activities enter a water body.  In wetlands such as
Herdsman Lake, increased nutrient concentrations have caused algal blooms for a
number of years that adversely affect birds and aquatic life, causing deoxygenation of
the water column. The death of fish and waterbirds due to the presence of algal blooms,
avian botulism, foul smells and the poor visual impact of rotting algae are often sources
of public concern.  Although algal blooms occur seasonally, the nutrient input is often
cumulative.  This study determined that most nutrients that enter the lake via the surface
drains remain there.
8.1.3  Catchment management
Catchment management consists of the planning and management of land uses as well
as the study of interactions between hydrology and land use.  Although the concept of
integrated catchment management has gained popularity in the last two decades201
(especially in the agricultural areas), in practice there exists many political, social and
administrative barriers that prevent its full application.  Other studies (for example
Krejci et al., 1994) show that site-specific and integrated solutions are achievable and
can solve wet weather pollution problems.
It appears that management of urban areas in Australia is still an ad hoc process, driven
more by local government boundaries and jurisdictions than practical considerations.
This is highlighted at Herdsman Lake where:
·  The Water Corporation of Western Australia is responsible for the efficient
drainage of the catchment; in particular, for regulating water levels to prevent
flooding.  The Corporation is not responsible for the water quality entering the lake,
only the quantity.
·  The City of Stirling manages and maintains a minor drainage network carrying
stormwater to the lake.
·  The Department of Urban Planning and Development oversees the development of
the urban estate in the north-west sector and is responsible for the “improvement
works” in the area.
·  The Department of Conservation and Land Management is responsible for the
wildlife in the lake but can do nothing about the quality of the water that the
waterfowl use.
·  The Environmental Protection Authority and the Department of Environmental
Protection are concerned with any pollution (intentional or accidental) that is
present in the drains or the lake and has the power to prosecute.
·  In case of chemical spills, contingency plans involve the Fire Brigade and the
Department of Environmental Protection.
8.2  Recommendations
Some of the solutions to stormwater pollution include appropriate organisational
arrangements (e.g. water, planning and environmental agencies as well as local
government), integrated catchment management, community involvement and changes
to regulations allowing the use of stormwater for domestic purposes not requiring high
quality water.  For example, flushing of toilets or watering of gardens using stormwater,
could be implemented, thereby decreasing the total runoff.202
Integrated catchment management can become a key tool in urban stormwater
management.  Local governments can very capably manage the disposal of stormwater,
yet their boundaries rarely coincide with the drainage catchment boundaries.
Stormwater quality from residential areas can be improved by providing education on
the following matters:
1.  the safe disposal of harmful chemicals;
2.  ways to reduce waste;
3.  washing cars on grass rather than on paving;
4.  cleaning up of dog droppings; and
5.  controlling dust and contamination in house renovations and constructions.
In some areas, local communities are already very active in cleaning up nature reserves,
chemical collection and education programs.
Management agencies already have a large amount of data on the lake’s water quality,
catchment land use and cover.  These should be combined into a single database and
shared by all agencies and groups involved in the catchment.
To avoid current and future contamination of Herdsman Lake, the following steps are
suggested:
1.  There should be continuous screening for trash at discharge points.
2.  There should be clarification and separation of inflowing drainage water to remove
suspended solids.
3.  Heavily contaminated (first flush) discharge should be redirected to a treatment
station.
4.  Detention ponds should be constructed to intercept suspended solids and nutrients;
5.  If outflowing discharge drains do not meet water-quality criteria for discharge into
coastal waters, consideration should be given to detention, on-site treatment (e.g.
soil filter) or real time control.
6.  There should be clear management objectives and desired limits on the following:
morphologic, chemical, biological and aesthetic values of the lake environment.
7.  In the future, stormwater drainage will need to be managed for water quality, not
just flood reduction.203
8.3  Future research
8.3.1  Water quality
Due to lack of time and resources, a number of issues that were not addressed by this
study are critical to the successful management of the lake and especially to maintaining
its ecological function. Much is already known about the water chemistry in the lake,
but because a wetland is a dynamic ecosystem, considerable emphasis should be placed
on those aspects of water quality parameters that most affect biological activity,
particularly phytoplankton and submerged macrophytes.  Little is known about the
nutrient cycling within the lake, especially the exchange between the bottom sediments
and water column — particularly under anoxic conditions.  The effect of large amounts
of suspended solids on nutrient availability and algal growth needs to be clarified.
In particular, the following matters should be investigated:
1.  The possible sources of copper and forms in which it occurs should be identified.
(See Chapter 6.)
2.  Polycyclic hydrocarbons (PAH), oils, benzene, toluene should be monitored.
During this study many oil and petrol slicks were observed, but have never been
monitored.
3.  The ecotoxicological effects of stormwater in Herdsman Lake should be
investigated, particularly as the lake relies on stormwater for its surface inflows, and
its environment supports many birds and invertebrates.
4.  Particulate loadings should be investigated as a function of the distance from busy
roads.  For example, a study by Thomson et al. (1994) showed that heavy metal and
particulate mass decrease with the distance from a highway.  This has implications
for management because vegetated strips could well serve the role of a filter for
runoff.
8.3.2  Computer modelling
Data collected in this study could be used to model a number of management scenarios
and test any proposed engineering solutions.  Computer modelling provides a
systematic method of analysing management options.  Modelling stormwater quality204
and quantity is only a recent development in Australia, although it has been practiced
for much longer in other countries — especially the United States).  There are several
uses for these models:
·  estimating the sources, concentrations and loads of contaminants;
·  predicting future trends as a function of changing land uses;
·  analysing the impacts on receiving waters;
·  studying the components of stormwater system;
·  designing components of drainage system, including costing; and
·  providing a basis for catchment planning and regulating land use, development and
flood zoning.
Herdsman Lake is a wetland on sandy soils with no obvious inflow and outflow.
Stormwater drainage helps to maintain high water levels throughout the year.  This
study established that there was a continuous flow in nearly all the drains, partly due to
groundwater seepage and partly from the runoff of excess water used in gardens and the
watering of open spaces.  Background flows carried a large proportion of seasonal loads
of pollutants to the lake.  It is therefore important to monitor the base flow as well as
storm events.
This study provides an insight into the history of the catchment, changes in urbanisation
and land use.  It established that land use and characteristics of land cover are more
important to the quality of runoff than rainfall characteristics.  The lake system, with its
deep moats on the perimeter and shallow meres in the centre, acts very efficiently as a
pollutant trap for all but a few dissolved forms of pollutants.205
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Appendix 1: A brief chronology of the development
of Herdsman Lake
Prior to European settlement
Herdsman Lake was a large open lake, possibly part of an old river system that flowed
south through Lake Monger to the Swan River (Bekle, 1981; Churchill, 1956).
The first years of settlement
The area was reserved “for supplying the town or any enterprise with water” (C.S.O.,
Vol.48, p.49, cited in Bekle, 1981).
1829 Herdsman lake appears on a map (reproduced in Hancock, 1979,
p.40, map originally drawn by John Septimus Roe, the Surveyor
General) as "large open swamp".
1833 Arrowsmith's map showing "The Great Lakes District" (P.H.
Morison, 1979).
1836 Applications were made to lease the land between Lake Monger and
Herdsman Lake for agriculture.
1837 First survey of the lake; name "Great Lake" was replaced by
Herdsman Lake (MRPA, 1975).
1837 After examination by the Civil Engineer, who recommended draining
Lake Monger to Herdsman, area is offered for lease for summer
market gardens (ESRI, 1981, p.32).
1848 Committee investigating the metropolitan lakes, reported that
Herdsman Lake could be drained (C.S.O. Records, Public Works,
May, 1848, cited in Bekle, 1988, p.141).
1871 The Road Board declared layout of number of roads around Perth,
amongst them road to Herdsman Lake and "from there to a junction
with the main north line at Jackadder" (Easton, 1971, p.16).
1904 Bishop Gibney suggests to the Road Board culverts to be constructed
around Herdsman (Easton, 1971, p.34).
1912 Some of the swamps in Osborne Park were privately drained, the
channels emptying to Herdsman Lake (Bekle, 1988, p.141).224
1914 Large number of petitions by residients around Jackadder Lake for
the construction of the road connecting Herdsman Lake and
Scarborough Beach Road (it was later built and named Liege Street,
at the request of the Njookenbooroo Drainage Board (Easton, 1971,
p.50).
1916 First soil survey (ESRI, 1981, p.32).
1919 Preliminary observations for a major drainage scheme of the lake. 21
bores sampled by Public Works Department (Bekle, 1988, p.141).
1921 Drainage program commences.
1925
(13 May)
Main drain and subsidiary drainage system commenced operations
(Teakle and Southern, 1937).
1928 Ocean outlet of drains from Herdsman Park to Floreat Beach
completed (includes 3.2 km tunnel).
1928 Drained area of Herdsman was subdivided into 38 lots (6 sold by
1933) (MRPA, 1975).
1930's Drainage scheme abandoned.  Typha orientalis spreads over the area.
1935 Teakle and Southern undertake detailed soil survey of Herdsman
(MRPA, 1975).
1935 Teakle reports of forest of paperbarks and flood gum in Herdsman.
1937* Lake site was proposed as a site for Perth Airport.
1938 The Road Board completed the construction of Liege Street as an 18-
feet road, thus providing access from Scarborough Beach Road
around Herdsman lake, via Pearson Street, reducing the distance
between Scarborough and Wembley by three quarters of a mile
(Easton, 1971, p.69).
1947/1948 Improvement of the tunnel from a drain leading out of the lake to the
ocean outlet in Floreat Park (Bekle, 1988, p.142).
1955 The Stephenson-Hepburn Report made recommendation for the
reservation of Herdsman Lake for Parks and Recreation (MRPA,
1975).
1957 Spraying for Argentine Ants (Iridomyimex humilis) commences.
1963 Recommendation of the 1955 Stephenson-Hepburn Report for
reservation of Herdsman Lake was implemented in the Metropolitan
Region Scheme (MRPA, 1975).
1975 Herdsman Lake Concept Plan prepared by the Metropolitan Region
Planning Authority.225
1976
(October)
Concept plan published.
1979
(21 March)
Floreat Waters Development started
(South western sector open space development)
1981
(19 February)
Rental and Investment Development started.
1981
(April)
North east sector open space development.
Initial approach to Town Planning Department on Herdsman Park
Industrial Estate.
1981
(July)
First application to Metropolitan Region Planning Authority on
Herdsman Park Industrial Estate.
1981
(2 September)
World Wildlife Fund Nature Study Centre started.
1981
(24 September)
Application to Stirling City Council to Commence Development on
Herdsman Park Industrial Estate.
1981
(November)
Amendment of Metropolitan Region Scheme to permit development
of Herdsman Park Industrial Estate.
1981
(15 November)
Environmental Review and Management Programme "Herdsman
Park Estate" submitted by developer to Environmental Protection
Authority.
1981
(23 November)
Application to commence Herdsman Park Industrial Estate received
from Stirling City Council by MRPA.
1981
(December)
World Wildlife Fund Nature Study Centre completed.
1982 Proclamation of the new Mining Act.
1982
(March)
Environmental Protection Authority report on ERMP (Herdsman
Park Estate).
1982
(10 September)
Monitoring Programme commenced.
ESRI Australia, Pty Ltd, commissioned.
1983
(3 February)
First interim monitoring report received.
1983
(23 March)
Metropolitan Water Authority advised of pollution problems.
1983
(23 March)
Environment Protection Authority advised of pollution problems.226
1983
(12 April)
Second interim monitoring report received.
1983
(16 April)
Development of Herdsman Park Industrial Estate approved by
MRPA.
1983
(14 May)
Approval given for preliminary site works to commence.
1983
(9 July)
Legal agreement on Herdsman Park Industrial Estate signed and
$300,000.00 bond lodged.
1983
(27 July)
Third interim monitoring report received.
1983
(26 August)
Phase 1 Environmental Monitoring Report received (1st Annual
Report).
1983
(7 September)
MRPA considers monitoring report and refers to Metropolitan Water
Authority and Department Conservation Environment for advice.
1984
(16 February)
Reminders sent to Metropolitan Water Authority and Department
Conservation Environment.
1984
(7 March)
Minister for Planning requests information on monitoring report
following delegation from Conservation Council.
1984
(28 March)
Minister advised of position.
1984
(28 March)
Advice received from Environment Protection Authority.
1984
(26 April)
MRPA considers advice and calls for report.
1984
(11 May)
Advice received from Metropolitan Water Authority.
1984
(13 June)
Minister for Planning advised of content of monitoring report.
1984
(27 June)
MRPA agrees to release report subject to Ministerial advice.
1984
(4 July)
MRPA agrees to prepare precis of report.
1984
(15 August)
Cabinet advised.
1985 10 fires reported in the area of Herdsman Lake.227
1986
(June)
Herdsman lake - South East Sector Proposals Report and
Recommendations by the EPA released (Bulletin 263).
1986 Completion of Jon Sanders Drive.
1986 2 fires reported in the area of Herdsman Lake.
1986 Improvement Plan 21 was gazetted to coordinate planning,
development and land use at Herdsman Lake.
1987 1 fire reported in the area of Herdsman Lake.
1988
(November)
Report of the EPA on Floreat Lakes Residential Development (NW
sector) (Bulletin 360).
1989 Draft Management Plan for Herdsman Lake.228
Appendix 2: An index to the air photographs
Date Scale/Flight Details
H- flying height, f- focal
length of the camera
Type/No. Coverage
19 Jan., 1942 scale»1:15,000
H»3048 m
f = 81/4 inch
»209.55 mm
              
Photo no.13948, 13947 - Run
11
Photo no.13780, 13779 - Run
10
B&W, 4
uncontrolled,
stereo overlap
Around Herdsman,
includes Osborne Park
18 Feb., 1948
10:20-10:40am
scale »1:10,800-1:11,000
H=6160’»1877 m
f » 173 mm
              
Photos 24-20 - Run 15
Photos 42-47 - Run 16
Photos 64-69 - Run 17
B & W, 17
stereo overlap,
130 x 130 mm
copies from
original positives.
Herdsman Lake only.
Feb., 1959 scale »1:7,500
H=3750’=1143mm,
f = 6”=152.4mm
              
WA501 Metro Regional
Run 14 (162-202)
Photo 14/168, 14/170
B&W, 2
uncontrolled
mostly Jackadder
Lake
13 Mar., 1961 scale »1:31,600
H=15,800’=4815.8m,
f = 6”=152.4mm
            
WA705Z, Metro (Road Guide)
Run 3(34-54)
Photo 0036, 0037, 0038
B&W, 3
uncontrolled/secr
et
From Osborne Park to
Swan River N-S.
3 April, 1963 scale »1:40,000
H=20,000’=6096m,
f = 6”=152.4mm
              
WA810 Perth
Run 16 (5627-5662)
Photo 5630
B&W, 1
controlled.
Forms stereo
overlap with
photos from
4 April, 1963
2/3 of northern part
of Herdsman,
Osborne Park,
East to Yokine Golf
Course.
4 April, 1963 scale »1:40,000
H=20,000’=6096m,
f = 6”=152.4mm
              
WA810, Perth
Run 17 (5663-5698)
Photos 5696, 5695
B&W, 2
controlled
From the coast to
Kings Park (E-W),
from northern edge of
Herdsman Lake to
Swan River (N-S).229
13 Oct., 1963 scale »1:12,000
H=1828.8 m,
f = 152.4 mm
              
Metro
WA838, Run 15, Photos 5052,
5053, Proj. D28, WA838,
Run 16, Photos 5089, 5090.
B & W, 4
controlled,
stereo overlap
Herdsman Lake only
19 Oct., 1964 scale »1:12,000
H = 6000’ = 1828.8 m
f = 6” = 152.4 mm
              
Proj. E31 WA880, Run 8,
Photos 5035, 5036, Run 9,
Photo 5101.
B & W, 3
controlled, stereo
overlap
Herdsman Lake only.
Mar., 1965 Scale: 20 chains to an inch
»1:15,840
H,f,not available
B&W,
aerial mosaics,
4 sheets
Whole catchment of
Herdsman Lake.
9 Mar., 1965 scale »1:15,840
H=7920’ = 2414 m
f = 6” = 152.4 mm
              
Proj. E50, WA915,
Run 19, Photo 5025,
Run 20, Photo 5101, 5102.
B & W, 3
controlled, stereo
overlap
Herdsman Lake only
13 Mar., 1967 scale »1:15,800
H=7920’=2414m,
f = 6”=152.4mm
              
Proj. F65, WA1015,
Road Guide Revision
Run 8 (5087-5118),
Photo 5089
B&W, 1
controlled
SW part of Herdsman
is in the TR corner of
the air photo.
13 Mar., 1967 scale »1:15,840
H=7920’ = 2414 m
f = 6” = 152.4 mm
              
Proj. F65, WA1015, Run 8,
Photo 5091, 5090, WA1014,
Run 7, Photo 5208, 5209.
B & W, 4
controlled, stereo
overlap
Whole Herdsman lake
catchment, includes
Lake Monger.
25 May, 1968 scale »1:15,800
H=7920’=2414m,
f = 6”=152.4mm
              
WA1076 Metro Road Guide
Revision 1968,
Run 8 (5137-5172)
Proj. H43
Photos 5143, 5142
B&W, 2
uncontrolled
Southern part of
Herdsman, 2/3 of
latitude coverage
covers Lake Monger
and Cambridge
Street.
25 May, 1968 scale »1:15,840
H=7920’ » 2414 m
f = 6” = 152.4 mm
              
Proj. H43, WA1076, Run 7,
Photos 5132, 5133, Run 8,
Photos 5141, 5142.
B & W, 4
uncontrolled,
stereo overlap
Herdsman Lake only230
8 July, 1969 scale »1:25,000
H=12,500’ = 3810 m
f = 152.56 mm
              
Proj. K3, WA1155,
Run 4, Photo 5066,
Run 5, Photo 5107.
B & W, 2
uncontrolled,
stereo overlap
Herdsman Lake only
19 Oct., 1970 scale »1:11,990
H=6,000’ = 1828.8 m
f = 152.56 mm
              
Proj. L6, WA1283,
Run 12, Photo 5164,
Run 13, Photos 5132,
5133, 5134.
B & W, 4
uncontrolled,
stereo overlap
Herdsman Lake only
14 Nov.,1971 scale 1:5,000 B&W,
Orthophotomap
16 sheets
Whole catchment of
Herdsman Lake.
2 May, 1972 scale »1:25,000
H=12,500’ = 3810 m
f = 152.56 mm
              
Proj. M136, WA1386,
Run 9, Photos 5254,
5255, WA1387, Run 8,
Photos 5024, 5026.
B & W, 4
uncontrolled
stereo overlap
Herdsman Lake only
21 Sept., 1972 scale 1:40,000
H»6104 m, f=152.56mm
              
WA1412 Perth
1:250,000, Run 16 (5077-
5113)
Proj. N27
Photos 5080, 5078
B&W, 2
1 controlled
1 uncontrolled
Coast to the CBD (E-
W).
Osborne Park to the
northern part of Kirup
Park
(N-S).
15 June, 1973 scale 1:25,000
H»3814 m, f=152.56 mm
              
WA 1465 Metro Road Guide
Revision 1973
Run 9 (5206-5224)
Proj. N147
Photos 5208, 5209
B&W, 2
uncontrolled
Full Herdsman Lake
coverage, east to
Lake Monger, south to
northern edge of
Kings Park.
11 June, 1975 scale »1:25,000
H»3814.4,
f = 152.576 mm
              
Proj. Q98, WA1568, Run 6,
Photos 5078, 5079.
B & W, 2
uncontrolled,
stereo overlap
Herdsman Lake only
11 June, 1976 scale »1:25,000
H»3821.3 m,
f = 152.85 mm
              
Proj. No. 760014, WA1622,
Run 6, Photos 5106, 5107.
B & W, 2
uncontrolled,
stereo overlap.
Herdsman Lake only231
2 June, 1977 scale » 1:25,000
H»3821.3 m,
f = 152.85 mm
              
Proj. No. 770064, WA1686,
Run 6, Photos 5260, 5261.
B & W, 2
uncontrolled,
stereo overlap
Herdsman Lake only
13 Aug., 1978 scale 1:25,000
H»3815 m, f = 152.6 mm
              
WA1758, Metro Street
Directory (1978)
Run 6 (5064-5112)
Job No. 780091
Photos 5086, 5087, 5088
B&W, 3
uncontrolled
North to Lake Gwelup,
south to
Cambridge Street,
east to W edge of
Lake Monger, west to
Floreat Golf Club.
13 Aug., 1978 scale »1:25,000
H » 3815 m,
f = 152.6 mm
              
Proj. No. 780091, WA1758,
Run 6, Photos 5087, 5088.
B & W, 2
uncontrolled,
stereo overlap
Herdsman Lake only
31 July, 1979 scale »1:42,000
H»6409.2 m,
f » 152.6 mm
              
Proj. No. 790006, Run 3,
Photos 5082, 5084.
B & W, 2
uncontrolled,
stereo overlap
Whole Herdsman
Lake,W to the coast,
E to W edge of Lake
Monger,
S to Swanbourne,
N to Lake Gwelup.
7 June, 1980 scale »1:25,000
H » 3815 m,
f = 152.6 mm
              
Proj. No. 800019,
WA1898, Run 6,
Photos 5072, 5073.
B & W, 2
uncontrolled,
stereo overlap
Herdsman Lake only
4 Dec., 1980 scale 1:50,000
H»7630 m, f = 152.6 mm
              
WA1954 Perth 1:250,000
Run 13 (5610-5640)
Job No. 770020
Photos 5613, 5612
B&W, 2
uncontrolled
North to Lake Gwelup,
south to
Cambridge Street,
west to the coast,
east to Mt Lawley.
13 June, 1981 scale 1:25,000
H»3815 m, f = 152.6 mm
              
WA1986, (C) Metro Street
Directory
Run 6 (5103-5162)
Job No. 810017
Photos 5133, 5134
Normal colour, 2
uncontrolled
North to
Osborne Park, south
to Cambridge Street,
east to central Monger
Lake, west to Floreat
Golf Course.
15 Aug., 1982 scale »1:25,000
H»3815 m, f = 152.6 mm
              
Proj. No. 820004,
WA2080, Run 6,
Photo 5142.
B & W, 1
uncontrolled,
single photo only
Herdsman Lake only232
26 May, 1983 scale »1:25,000
H»3815 m, f = 152.6 mm
              
Proj. 830004, WA2143C,
Run 6, Photos 5285, 5286.
Normal colour, 2
uncontrolled,
stereo overlap
Herdsman Lake only
3 Feb., 1984 scale »1:20,000
H»3054.4 m,
f = 152.72 mm
            
Proj. No. 840004, WA2205,
Run 8, Photos 5292, 5293.
B & W, 2
uncontrolled,
stereo overlap
Herdsman Lake only
20 Apr., 1985 scale »1:20,000
H»3054.4 m,
f = 152.72 mm
            
Proj. No. 85004, WA2299(C),
Run 8, Photos 5199, 5200.
Normal colour, 2
uncontrolled,
stereo overlap
Herdsman Lake only
19 Apr., 1986 scale »1:20,000
H»3054.4 m,
f = 152.72 mm
            
Proj. No. 860004,
WA2416, Run 8,
Photo 5032.
B & W, 1
uncontrolled,
single photo
Herdsman Lake only
5 May, 1987 scale »1:20,000
H»3054.4 m,
f = 152.72 mm
            
Proj. No. 870004,
WA2500(C), Run 8,
Photos 5131, 5132.
Normal colour, 2
uncontrolled,
stereo overlap
Herdsman Lake only
1 Apr., 1988 scale »1:20,000
H»3054.4 m,
f = 152.72 mm
            
Proj. 880004
WA2592, Run 8,
Photos 5128, 5129.
B & W, 2
uncontrolled,
stereo overlap
Herdsman Lake only
18 Feb., 1989 scale 1:20,000,
H » 3054 m,
f = 152.72 mm
            
WA2694, (C) Metro Street
Directory
Run 8 (5001-5073)
Job No.890004
Photos 5048-5052
B&W, 5
uncontrolled
Whole catchment of
Herdsman Lake.
20 Dec., 1989 scale 1:20,000
H » 3054 m,
f = 152.72 mm
              
WA2822(C) Metro Street
Directory
Run 7 (5001-5064)
Job No. 900400
Photo No. 5046
Run 8 (5065-5141)
Photo No. 5096
Normal colour, 2
uncontrolled
North to Osborne
Park, south to
Cambridge Street,
east to Lake Monger,
west to W edge of
Herdsman.233
4 Jan. 1992 scale 1:20,000
H » 3054 m,
f = 152.72 mm
            
WA3054(C) Metro Street
Directory
Run 9
Photo No. (5203, 5202)
Run 8,
Photo No. (5047, 5048, 5049)
Run7
Photo No. (5104, 5105, 5106)
Job No. 9200400
Normal colour, 8
Uncontrolled,
stereo overlap
Whole catchment
11 Dec. 1992 scale 1:20,000
H » 3054 m,
f = 152.72 mm
            
WA3054(C) Metro Street
Directory
Run 9
Photo No. (5216, 5215)
Job No. 920676
Normal colour, 2
Uncontrolled,
stereo overlap
Herdsman Lake and
surrounds only
1 foot = 0.3048 m
1 inch = 2.54 cm
1 chain = 66 feet = 20.1168 m.234
Appendix 3:A photo-interpretation key for the aerial
photography
Level I Level II Level III Comment Image sample
100 Urban
or build up
110
Residential
111
Residential
low density
areas containing structures
used for human habitation,
used for housing residents in
single-family dwelling units.
113
Residential
medium
density
115
Residential
high density
All areas devoted to housing
more than one family. Includes
apartments, duplexes, triplexes,
attached row houses, retirement
homes, nursing homes, and
residential hotels
120
Commercial
and services
structures and associated
grounds used for the sale of
products and services.
This category includes shopping
malls and their parking lots.
130
Industrial
131 Light
industrial
structures and their associated
grounds and facilities which are
used primarily to
produce or process some
finished product; or as a
wholesale distribution center.
Activities include
design,assembly, finishing,
packaging, storing or shipping of
products rather than processing
raw materials. Include "industrial
parks" and other features which
cannot be clearly classified as
either a retail service or light
industry, such as
heavy equipment yards,
machinery repair, and
junkyards.
140
Transportatio
n
144 major
roads and
highways
Roads and railroads
include the right-of-way,
interchanges, and median strips.
Category includes railroad
stations, railroad yards,
bus stations, highway
maintenance yards, school bus
parking and service yards,235
Level I Level II Level III Comment Image sample
160 Public
purposes
specialised government or
private features which meet the
educational, religious, medical,
and governmental needs of the
public. Parking lots and
associated grounds are included
with these features.
170 Public
open space
developed open space in urban
settings used for outdoor
recreation. Include grass fields
and associated structures,
parking lots, and facilities.
Includes city parks, "green-belt"
urban parks, and athletic fields
not associated with a school.
200
Agriculture
220 Rural structures and all associated
grounds used for raising plants
or animals for food or fiber.
500 Water 520 Lakes
and ponds
Area covered by water with less
than 25% vegetated or
developed cover
600
Wetlands
620
vegetated
wetlands
nonforested
areas dominated by wetland
herbaceous vegetation which is
present for most of the growing
season
700 barren
land
720 Beaches natural sand beaches
730 Sand
and gravel
other than
the beaches
undeveloped areas of the earth
not covered by water which
exhibit less than 25% vegetative
cover